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Abstract 
Complexes of alkaline earth metals (Ca, Sr, and Ba) exhibit lanthanide-like reactivity and 
coordination behaviour, thus it is not surprising that such alkaline earth metals are also often 
compared to early f-block lanthanides. Attention has been focused on calcium-catalysed 
reactions as calcium, the fifth most abundant element in the Earth’s crust, is not only a 
cheaper alternative to lanthanide salts but is also less toxic, due to its high biocompatibility. 
As a result, the use of calcium complexes to catalyse a broad range of reactions in organic 
synthesis has increased tremendously over the past two decades. 
One such reaction where catalyst modification is suitable is the Luche reduction. The Luche 
reduction is one of the standard protocols for the selective reduction of α,β-unsaturated 
ketones to form allylic alcohols; however, the use of cerium chloride as a stoichiometric 
additive is not desirable for industrial-scale reactions (Scheme A1). 
 
 
Successful reaction conditions for the calcium-mediated selective 1,2-reduction of challenging 
enones have been developed. Even the challenging substrate 2-cyclopentenone was reduced to 
its corresponding allylic alcohol in high 92:8 selectivity (allylic alc.:sat. alc.). The developed 
conditions were employed to a large variety of enone substrates. Our chemistry showed high 
selectivity, in some cases the selectivity was even better than the selectivity obtained under 
classic Luche conditions. Preliminary studies have also shown that the stereoselective 
reduction of α,β-epoxy and α,β-aziridinyl ketones to the corresponding alcohols in the 
presence of calcium triflate resulted in excellent diastereoselectivity  
(Scheme A2). 
 
Ca(OTf)2, NaBH4
THF/MeOH, rtR
O
R1 R R1
OH
R, R1 = (cyclo)alkyl, (hetero)aromatic selectivities up to 100:0
R R1
OH
 
Scheme A1. Calcium-mediated 1,2-reduction of α,β-unsaturated ketones 
R R1
OX
R R1
OHXCa(OTf)2, NaBH4
MeOH/THF, rt
X = O, NR2
R, R1 = alkyl, (hetero)aromatic
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Scheme A2. Calcium-mediated diastereoselective reduction of α,β-functionalised ketones 
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I Introduction 
1 The importance of sustainable and green processes in organic synthesis 
 
It is widely acknowledged that there is a growing need for more environmentally acceptable 
processes in the chemical industry. Green chemistry addresses the environmental impact of 
both chemical products and the processes by which they are produced. In the last two decades, 
the chemical and pharmaceutical industries have come to realise the magnitude of their impact 
on the environment and the challenges they face to improve their sustainability. While many 
of the established methodologies have broad applications, the amount of waste that is 
generated during the course of the reaction along with downstream modifications and final 
purification is tremendously high and needs to be reduced or preferably eliminated.
1,2
 The 
development of suitable methods has almost exclusively focused on catalysts or metal-
mediated reactions that have inherent disadvantages, as they are expensive and often highly 
toxic. Furthermore, their availability is often being restricted due to increasingly limited 
natural resources.
3
 The solution to the waste problem in the fine chemical industry could be, 
for instance, replacement of the classical stoichiometric or catalytic reagents with greener and 
cheaper alternatives. The ethos of green chemistry is defined as the following:
4
 
 
“Green chemistry efficiently utilises (preferably renewable) raw materials, eliminates waste 
and avoids the use of toxic and/or hazardous reagents and solvents in the manufacture and 
application of chemical products.” 
 
Therefore, it is highly desirable to create alternative methodologies that are more sustainable 
and catalysed by inexpensive, less toxic and more abundant metals. 
Alkaline earth metals exemplify the green chemistry requirements for sustainability. 
However, the catalytic potential of alkaline earth metals has yet to be explored and their use in 
the field of organic synthesis is only beginning to gain attention. Among these main group 
metals, calcium is a particularly suitable match for the development as a green chemistry 
catalyst. Calcium is essentially non-toxic and is one of the most abundant elements in the 
natural world, ubiquitously found in minerals and seawater. Therefore, from an economic and 
ecological point of view, it is beneficial to develop suitable catalysts from calcium 
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compounds. Since calcium-mediated transformations have only recently been described in the 
literature, further investigation into the development of calcium-mediated reactions is 
desirable.
5
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2 Characteristics of alkaline earth metals 
 
Although the structural understanding and catalytic activity of calcium complexes
5,6
 and 
organocalcium species
5,7
 have advanced in recent years, the development of useful and widely 
applicable chemistry is still in its infancy. With a reduction potential of E° = -2.869 V, 
calcium is a redox inactive species which exists in a +2 oxidation state.
3
 The reactivity of 
calcium compounds is two-fold (Figure 1). Calcium compounds have properties that are 
intermediate between group 1 and group 3 reagents. Having a highly ionic character, due to 
their low electronegativity, calcium compounds show a similarity to alkali compounds. Due to 
that, calcium bound anionic residues have a highly nucleophilic character combined with 
strong basicity. The calcium centre itself has a strong Lewis acidity, which is typical for the 
metal centres of group 3 compounds. 
 
 
Despite the recent and on-going analysis of the nature of calcium coordination complexes, the 
development of widely applicable calcium chemistry is still a growing field and only a few 
research groups have set out to explore the potential catalytic activity of calcium compounds.
8
 
These investigations have mainly focused on chemical transformations that are enabled by 
strongly basic calcium compounds (see chapter 4.1). Nevertheless, this is in strong contrast to 
related magnesium-based compounds and their widely use as standard stoichiometric reagents 
in organic synthesis.
9
 The reason for this imbalance is that on descending the group 2 of the 
periodic table the ionic radii of the elements increase in combination with a decrease in their 
Pauling electronegativities. Due to this trend, magnesium shows a degree of covalency in its 
compounds, whereas higher homologues, such as calcium-type Grignards, are characterised 
by ionic and non-directional interactions. As a result, calcium complexes and their 
corresponding coordination are highly labile which makes their synthesis and characterisation 
R- Li+ R- R-Ca2+
R-
R-
R-
Al3+
high nucleophilicity/basicity
electrophilicity/Lewis acidity 
Figure 1. Reactivity of calcium compounds 
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very challenging. The chemistry of calcium compounds is defined by a facile Schlenk-type 
redistribution process in solution which is enhanced by increasing the radius and the 
electropositive character of the metal centre (Scheme 1). 
 
 
This equilibrium leads to a mixture of calcium-coordinated species, thus making the synthesis 
of distinct organocalcium compounds very difficult. Deciphering between the non-reactive 
metal and the highly reactive organocalcium compounds is challenging. Consequently, 
activation of the metal is required either through co-condensation of the metal vapour or by 
finely dividing metal powder.
10
 To avoid side reactions, such as Wurtz coupling and ether 
cleavage, the synthetic route is limited to aryl groups which are less sensitive to Wurtz 
coupling than alkyl halide substrates and the syntheses are often performed at low 
temperature.
11
 Besides their high reactivity, calcium complexes generally show poor 
solubility. Due to the ionic radius, coordinative saturation is quite difficult and therefore 
complex formation often results in insoluble coordination polymers. However, bulky and 
lipophilic substituents at the periphery of the complex or the coordination of Lewis bases such 
as ethers (i.e. THF or DME) can increase their solubility. The use of carbanion ligands such as 
(Me3Si)2CH
−
, electronically and sterically stabilised by the Me3Si-substitution, was also 
shown to increase the solubility of organocalcium species.
12,13,14
  
 
While most developments have focused largely on reactions catalysed by basic calcium 
compounds,
5
 Lewis acidic calcium catalysts are relatively unexplored. Early examples 
exploiting the Lewis acidity of calcium compounds helped to contribute to polymerisation and 
asymmetric addition reactions. However, due to the low electronegativity of the metal ion, the 
counterions of these calcium compounds usually show stronger Brønsted basicity. Recently, 
striking progress has been made, for example by Niggemann and co-workers, through the use 
of suitably chosen counterions.
15
 The best results were obtained with weakly coordinating, 
non-basic anions such as TfO
−
, F
−
, F6iPrO
−
, or a 1:1 mix of NTf2
−
 and PF6
−
 (Figure 2, see 
M
L
L X
R
M
L
L X
X
M
L
LR
R
M = Mg, Ca, Sr, Ba
L = solvent or Lewis base
X = -bonded reactive substituent
R = monoanionic spectator ligand
2
 
Scheme 1. Schlenk equilibrium of heavier alkaline earth metals 
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also chapter 4.2). In contrast to the basic calcium catalysts, these calcium-based Lewis acids 
are easier to handle, due to their relatively high tolerance towards air and moisture.
3
 
 
 
It is well known that Lewis acidic calcium catalysts show a high reactivity towards alcohol 
compounds. This is due to the high oxophilicity of the calcium cation which results in a strong 
coordination to the hydroxyl group. Additionally, calcium activates the hydroxyl moiety by 
enhancing its leaving group abilities; calcium can bind the departing hydroxide anion forming 
calcium hydroxides.
3,15,16
 Tolerance of more than trace amounts of water leads to partial or 
full hydration of the Lewis acidic metal ion which results in the acidification of the 
coordinated water molecule. This generates a Lewis acid/Brønsted acid cooperative catalyst 
system which provides a different activity pattern than either the Lewis acid or Brønsted acid 
alone. Furthermore, the presence of water molecules plays a significant role in terms of 
minimising aggregation of the active catalytic species, which is due to the nature of early 
main group metal compounds and calcium salts in particular.
3
 Therefore, further investigation 
is necessary towards in depth mechanistic understanding concerning the active species as well 
as the exact substrate-catalyst interactions in order to establish accurate Lewis acidity scales 
and reliable prediction schemes for Lewis acidic calcium-catalysed organic reactions. 
  
A- A-Ca2+
very low nucleophilicity/basicity
high electrophilicity/Lewis acidity
A- : OTf
-, NTf2
-, PF6
-, F-, -O
CF3
CF3  
Figure 2. Suitable anions for Lewis acidic calcium catalysts 
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3 Comparison of alkaline earth metals to lanthanides 
 
Early main group organometallic chemistry has been recognised only in the last decade for its 
catalytic potential. Although the heavier group 2 elements (Ca, Sr, Ba) are less utilised, they 
are beginning to gain importance as catalysts in organic synthesis. The development of 
calcium-mediated reactions has emerged from an immense growth of fundamental calcium 
chemistry. Although lanthanide complexes are efficient catalysts, their production and 
development is limited by the availability of lanthanide salts. Calcium is not only a more 
abundant element in the Earth’s crust, it is also more straightforward to isolate than lanthanide 
salts, making it one of the most economically desirable metals.
17
 Moreover, the high 
biocompatibility means calcium is less poisonous than the lanthanides.
18
  
 
Lanthanide complexes are highly active in ligand substitution reactions, especially with hard 
ligands. The high affinity for substrates and low affinity for products ensures rapid catalyst 
turnover, precluding the necessity for stoichiometric amounts of the lanthanide complexes.
19 
Compared to the transition metals in which the outer d-orbital is sequentially filled, Ln
3+
-
cations have a tripositively charged closed shell with a noble-gas electronic configuration. 
The inert 4f electrons are lying deep in the interior of the cation, shielded by the 5s
2
 and 6s
2
 
orbitals. Because of this, no σ-donor π-acceptor modes can occur and there is no need to 
maximise orbital overlap due to lack of orbital restrictions. Thus, lanthanide complexes are d
0
 
species with limited radial extension of their f-orbitals which prefer high coordination 
numbers.
19
 The ionic radii decrease linearly with increasing atomic number (“lanthanide 
contraction”). Therefore, metal-ligand interactions are dominated by electrostatic factors and 
lanthanide cations preferentially interact with hard ligands. As for complexes of the heavier 
alkaline earth metals, their bonding and structures are also mainly determined by electrostatic 
and steric factors. Alkaline earth metals are normally found as M
2+
-compounds whereas the 
most stable oxidation state of lanthanides is +3.
20,21
 Some lanthanide ions are also accessible 
in the oxidation states +2 and +4, such as Ce
4+
 (f
0
), Sm
2+
 (f
6
), Eu
2+
 (f
7
), Tb
4+
 (f
7
), and Yb
2+
 
(f
14
). When comparing the ionic radii of the bivalent lanthanides with the alkaline earth 
cations, almost identical radii can be found (Table 1).
22
 These similarities in ionic radii lead 
to analogous compounds with similar properties. For example, when comparing Ca
2+
 and 
Yb
2+
, both complexes form an isomorphous crystal structure with almost identical cell 
constants which results in nearly identical IR and NMR spectra.
20
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Table 1. Ionic radii of the alkaline earth metals and the stable lanthanide ions M
2+
  
Metal ion Mg
2+ 
Ca
2+
 Sr
2+
 Ba
2+ 
Yb
2+
 Eu
2+ 
Sm
2+ 
r (Å)/CN 0.72/6 1.00/6 1.21/7 1.35/6 1.02/6 1.22/7 1.20/7 
 
The simple oxidation state and the fact that alkaline earth metal compounds are redox inactive 
rules out oxidative addition and reductive elimination as possible mechanistic pathways. 
Despite the analogies that can be made between lanthanides and calcium, Ln
2+
-complexes can 
act as one electron reductants and therefore react in a distinctively different way compared to 
their alkaline earth metal counter parts M
2+
.
23
 However, the reactivity pattern of these 
complexes are dominated by an alkene insertion mechanism followed by σ-bond 
metathesis.
24,25
  
 
Furthermore, in the hard and soft acids and bases (HSAB) classification of Pearson,
26
 
lanthanide and alkaline earth metal cations are both considered to be hard, relatively non-
polarisable and also strongly oxophilic. The Lewis acidity (Z/r
3
) is particularly low in 
complexes derived from the large Ln
3+
-cations. Hence, lanthanide compounds are considered 
to be mild Lewis acidic catalysts.
27
 As fast acid-base ligand exchange is characteristic of 
lanthanide chemistry, the stability of ligands is ordered to their tendency to hydrolyse 
(organolanthanide complexes) or to compete with the solvent (inorganic complexes). For 
example, organolanthanide complexes containing σ-bonds, such as alkyl groups, rapidly 
hydrolyse in the presence of moisture to form hydroxides. However, in the presence of hard 
conjugate bases or chelating anions, such as acetylacetonate, water-stable complexes can be 
achieved. These complexes can be effective Lewis acids in water, alcoholic and amine 
solvents.
19
  
As alkaline earth metal compounds, and calcium in particular, show typical organolanthanide-
like reactivity and coordination behaviour, it is therefore not surprising that heavier alkaline 
earth metal complexes, and especially calcium compounds, are often compared to the early 
f-block lanthanide metal complexes and their chemsitry.
5,20,28,29
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4 Applications of calcium chemistry in organic synthesis 
4.1 Calcium-catalysed reactions in organic reactions 
4.1.1 Calcium-catalysed polymerisation 
 
The development of calcium-catalysed reactions goes hand in hand with the tremendous 
growth of fundamental calcium chemistry. Group 1 organometallic compounds are well 
known as initiators of the living anionic polymerisation of moderately activated alkenes, such 
as styrene, butadiene, or isoprene and polar monomers.
30
 It is therefore not surprising that in 
the past decade rapid progress on the use of well-defined organocalcium complexes as 
polymerisation catalysts in anionic polymerisation has taken place. These developments 
demonstrate an increased understanding of both the structure and synthesis of these 
complexes. 
 
Biodegradable and biocompatible aliphatic polyesters have received increasing attention in 
the last decades because of their medical and environmental applications. Furthermore, in the 
future there will be a need for the replacement of polymers derived from fossil fuel-based 
alkenes as industries shift to more renewable feedstocks. One class of polymers proving to 
fulfil these needs are polyoxygenates.  
Ring-opening polymerisation of cyclic esters via an effective initiating system to produce 
well-defined polyesters is one important method to renewable polymeric materials. Generally 
the reaction is catalysed by complexes based on early transition metals and lanthanides as 
well as early and late main-group metals. Complete removal of catalyst residues from the 
polymer is often impossible. The use of non-toxic and biocompatible metals as catalysts, such 
as calcium, is preferred.
31,32,33
 Recently, the ring-opening polymerisation of l-lactide 1 by a 
calcium alkoxide initiator generated in situ from the reaction of Ca(HMDS)2·(THF)2 complex 
5 with iso-propanol has been described by Westerhausen and co-workers.
34
 In addition to a 
number of heteroleptic calcium amide and alkoxide initiators containing chelating 
bis(alkoxide) ligand sets 6 and 7 have been reported to effect the polymerisation of l-lactide 
and ε-caprolactone 3 (Scheme 2).35,36 
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Chisholm and co-workers have shown that tris(pyrazolyl)borate calcium alkoxide 11 display a 
degree of stereocontrol during the ring-opening polymerisation of rac-lactide 8. The reaction 
was performed in THF solution, based on a 200:1 ratio of substrate 8 to catalyst, affording 
heterotactic (> 90 %) poly-lactide 9 in 90 % conversion after one minute at room 
temperature.
37
 Further studies showed that under polymerisation conditions, the use of 
β-diketiminate calcium complex 10 resulted in a slow polymerisation rate that was explained 
by aggregation and distribution of the calcium species (Scheme 3).
38,39,40 
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Scheme 2. Calcium-mediated polymerisation of a) l-lactide 1 and b) ε-caprolactone 3 
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Scheme 3. Stereocontrolled polymerisation of rac-lactide 
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An alternative calcium catalyst was introduced by Darensbourg and co-workers. Complex 12 
consisting of a Schiff base ligand showed high activity and stereocontrol for the ring-opening 
polymerisation of rac-lactide 8 and trimethylene carbonate (Scheme 3).
41,42
 The quasi-living 
character of the polymerisation reaction allowed for the synthesis of diblock co-polymers of 
lactide and trimethylcarbonate, which are valuable components of thermoplastic elastomers 
for biomedical applications.
43
 
 
In the studies that have followed, Harder and co-workers have reported a number of calcium 
benzyl complexes for the polymerisation of styrene 13.
44,45
 In all cases reactions were found 
to fit conditions for living anionic polymerisation. Despite numerous attempts to influence 
stereoselectivity of this reaction through ligand control, only recently pre-catalyst systems 
such as calcium complex 15, were found that allowed the stereoselective synthesis of highly 
syndiotactic poly-styrene 14 at 20 °C (Scheme 4). 
 
 
It was reported that with more kinetically and thermodynamically stable calcium complexes 
initiation of the polymerisation was not possible. It was assumed that the anticipated chain-
end controlled syndioselectivity for styrene insertion might have been nullified by inversion 
of the chiral chain-end which would give rise to a single stereoerror (Scheme 5).
5
 
Additionally, it was shown that an increase of the styrene concentration and the lowering of 
the polymerisation temperature had a positive effect on the syndioselectivity. By increasing 
the bulk of the 9-Me3Si-fluorenyl ligand of 15 at the periphery, improvement of the 
stereoselectivity and communication of the chiral chain-end with the pre-coordinated styrene 
monomer was achieved. In cases where steric blockage of the metal centre by bulky or 
intramolecular chelating substituents occurred, the activity of the polymerisation was 
drastically reduced and chain-end insertion was accelerated. This showed that free 
Me3Si
Ca THF
Me2N
H
SiMe3
15
Cat. 15
20 °C, neat or
50 °C, C6H12
Ph CHPh(SiMe)3Ph
n
n
13 14
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Scheme 4. Stereocontrolled polymerisation of styrene 13 
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coordination sites at the metal are important and indirectly supported a coordination-insertion 
mechanism.
46
 
 
 
 
4.1.2 Calcium-catalysed hydrosilylation, hydroamination, and hydrophosphination 
 
Hydrosilylation of alkenes and ketones 
 
The highly atom-efficient addition of a polar Si-H bond to unsaturated substrates, such as 
conjugated alkenes, ketones, imines, or (iso-)cyanides, is known as hydrosilylation. Early 
main-group metals, such as calcium, are very effective for the hydrosilylation of conjugated 
double bonds. Harder and co-workers discovered that the catalytic reactions are initiated by 
the formation of highly reactive calcium hydride which either adds to the alkene or to the 
silane. Commercially available calcium hydride, however, was found to be inactive as a 
hydrosilylation catalyst.
5,47
 
Despite the possibility that the hydrosilylation of styrene with PhSiH3 may result in 
polystyrene by-products, clean and fast regioselective hydrosilylation was observed. The 
regiochemistry of the products was also shown to be solvent-dependent for the reaction of 
diphenylethene 20. While under solvent free conditions, 2,1-insertion of alkene 20 into the 
Ca-H σ-bond was observed (Scheme 6a). Under very polar conditions, calcium catalyst 25 
exclusively afforded the other regioisomer 24 (Scheme 6b).
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Scheme 5. Chain-end controlled syndiotactic styrene polymerisation 
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It was therefore proposed that depending on the polarity of the metal-hydride bond or the 
solvent, two different lanthanide-like catalytic cycles can take place (Scheme 7).
7
 The 
reaction pathway proceeds via either a metal hydride (cycle a) or silanide intermediate  
(cycle b). It was suggested that polar solvents favour the formation of an ion pair of the form 
[LCa]
+
[SiPhH4]
¯ which may decompose with loss of hydrogen to liberate the metal silanide 
[LCa(SiPhH2)]. This active species acts in a similar way to the hydride [LCaH] which would 
result in a reversed addition. 
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R
R = H, Me, Ph
R1 = H, Me
0.5-10 mol% 25
solvent free
PhSiH2R
1
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Scheme 6. Scope of the calcium-mediated hydrosilylation of alkenes 
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Scheme 7. Proposed mechanisms of the calcium-mediated hydrosilylation of alkenes; formation of the 
hypervalent species PhSiH4
− which is assumed to act as a catalyst by concerted addition to styrene (cycle a) 
or to eliminate H2 to give a silanide catalyst (cycle b) 
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Furthermore, studies by Harder and co-workers extended the scope of the hydrosilylation 
using calcium hydride complex 28 to convert ketones 26 to their corresponding silylethers.
48
 
The calcium-mediated addition also proceeds under mild conditions to yield, unexpectedly, 
the bis(alkoxysilane) 27 as the major product in good yield and selectivity even when an 
excess of PhSiH3 was used (Scheme 8).
7 
 
 
Intramolecular hydroamination of aminoalkenes 
 
The formal addition of a polar N-H bond across an unsaturated C-C bond, known as 
hydroamination, leads to nitrogen-containing molecules and offers a useful synthesis of 
amines from alkenes and alkynes. The addition proceeds to give Markovnikov regioisomer 31 
or anti-Markovnikov regioisomer 32 (Scheme 9).
49
 
 
 
Marks and co-workers reported the catalytic efficiency of lanthanide reagents for the 
hydroamination-cyclisation of aminoalkenes, aminoalkynes and aminodienes.
9
 Recently, 
well-defined calcium amide complexes were found to be active in the intramolecular 
hydroamination of aminoalkenes and the intermolecular hydroamination of activated C=C 
bonds, carbodiimides, and isocyanates.
7
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Scheme 8. Calcium-catalysed hydrosilylation of ketones 26 with calcium hydride complex 28 
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Scheme 9. Hydroamination of alkenes and alkynes 
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In 2005, Hill and co-workers demonstrated that the intramolecular hydroamination of amines 
and alkenes could be catalysed by calcium amide complex 10 which was originally developed 
by Chisholm as a lactide polymerisation catalyst.
38,50
 These initial studies have been extended 
by Hill,
51,52,53,54,55
 Roesky,
28,56,57
 and Harder
8
 who have introduced alternative coordinating 
systems such as aminotroponate or aminotropoiniminate ligands. In 2009, Hill and Barrett 
reported that the intermolecular hydroamination of para-substituted styrenes was catalysed by 
homoleptic calcium catalyst 10.
58
 It was shown that primary amines react faster than 
secondary amines, electron-poor C=C bonds react faster than electron-rich bonds, and the 
exclusive preference for 2,1-insertion is due to the stability of benzylic intermediates. The 
proposed mechanism for the calcium-catalysed hydroamination is similar to that observed in 
the lanthanide-mediated ring closure of aminoalkenes (Scheme 10). 
 
 
The first step in the mechanism (a) is described as an σ-bond metathesis between the catalyst 
LCa-R and the primary amine. Depending on the nature of the metal, the basicity of the anion 
R
−
, and the acidity of the conjugate acid generated by the protolytic initiation step, the catalyst 
initiation is generally fast. In the case of calcium amide catalyst 10, it was shown to be in an 
equilibrium in favour for (Me3Si)2NH and when carbanions were used, it was an irreversible 
step. In the second step (b), an intramolecular nucleophilic attack of the calcium amide occurs 
on the alkene. As the rate-determining step it involves a highly-ordered metallo-cyclic 
transition state which results in the regioselective formation of the more stable primary 
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Scheme 10. Catalytic cycle for the intramolecular hydroamination of aminoalkenes  
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alkylcalcium species (c).
59
 Through deuterium labelling studies, the formation of these highly 
reactive intermediates could be established. However, an alternative intramolecular 
1,3-H shift (e) cannot be excluded as part of the overall mechanism. Occasionally, alkene 
isomerisation has been observed as a side reaction (f). 
 
 
Intermolecular hydrophosphination 
 
The addition of the P-H bond of a primary or secondary phosphine to an unsaturated C-C 
bond, known as hydrophosphination, is an attractive synthetic method for the synthesis of a 
variety of phosphines. Such phosphines can serve as important ligands in transition metal 
catalysis and organic synthesis. In 2007, Hill and co-workers reported the calcium-mediated 
hydrophosphination of unhindered activated alkenes 33 and 34 and diphenylacetylene 35 
catalysed by heteroleptic calcium complex 10.
60
 Calcium complex 10 proved to be less active 
and the reaction was accompanied by the precipitation of a small amount of diphosphide  
complex [Ca{(PPh2)2}(THF)4]. Despite this, Westerhausen et al. reported that the calcium 
diphosphide complex successfully catalysed the hydrophosphination reaction of phenyl-
substituted alkynes and butadiynes with diphenylphosphines in THF (Table 2).
61
 
 
Table 2. Intermolecular hydrophosphination of alkenes 33 and 34 and alkyne 35
a 
Entry Substrate Product T (°C) t (h) Conv. (%) 
1 
33  36
Ph2P
 
75 24 78 
2 
34  37
Ph2P
(79 %) (21 %)
Ph2P
38  
25 24 95 
3 
35
Ph Ph
 
39
Ph
Ph2P
Ph
(98 %)
Ph2P
Ph
(2 %)
Ph
40  
75 13 94
b 
a
 Reaction conditions: 10 mol% catalyst 10, C6D6; 
b
 20 mol% catalyst was used. 
 
Analogous to the calcium-mediated intramolecular hydroamination mechanism of 
aminoalkenes and aminoalkynes, the structures of the isolated products were consistent with 
the anti-Markovnikov product. However, the mechanism shows an important difference. 
Addition of the calcium phosphide to the alkene is not intramolecular. As the P-C addition 
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lacks entropic support of chelation, only activated alkenes or internal acetylenes undergo 
hydrophosphination. Despite the precedent in Ln
3+
-chemistry for the intermediate species to 
initiate polymerisation reactions,
62
 oligomeric or polymeric reaction by-products were not 
reported. Attempts to convert more sterically hindered alkenes such as α-methylstyrene or 
stilbene to phosphines were not successful. 
 
 
Intermolecular hydrophosphination and hydroamination of activated C=N bonds 
 
In 2005, Harder et al. reported the insertion of 1,3-dicyclohexyl carbodiimide into the calcium 
amide bond of calcium catalyst 10.
63
 In contrast to the reaction intermediates in the 
intramolecular hydroamination, which are not stable enough to be isolated, the product 
derived from the insertion of carbodiimides into the Ca-N bond are kinetically and 
thermodynamically stable and isolable.
7
 Hill and co-workers recently described the catalytic 
synthesis of guanidines by the hydroamination of 1,3-carbodiimides. They showed that 
electron-deficient and electron-rich primary arylamines 41 rapidly react with 1,3-dialkyl 
carbodiimides 42 at room temperature to the corresponding guanidine products 44  
(Scheme 11). The isolated intermediates 43 confirmed that the deprotonated guanidine 
product becomes a ligand for the observed catalyst.
64,65
 Based on these findings, calcium-
catalysed acetylenation of carbodiimides was also reported.
66
 
 
 
In analogy to this concept, the groups of Hill
67
 and Westerhausen
68
 also reported the calcium-
mediated hydrophosphination of carbodiimides in order to form phosphoguanidinates 47 
(Scheme 12). The homoleptic catalyst 5 proved to be more active than the calcium amide 
complex 10. It was found that the hydrophosphination of carbodiimides 46 with 
dicyclohexylphosphine could not be achieved with either calcium-catalyst 5 or 10 suggesting 
C NR1RN
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rt to 80 °C
N
H Ar
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Scheme 11. Reaction scope for the calcium-mediated hydroamination of 1,3-carbodiimides 
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that no catalyst activation takes place. Furthermore, the reaction was limited to sterically 
demanding carbodiimides such as 1,3-tert-butyl carbodiimide. It was assumed that the 
increased steric hindrance at the nitrogen prevented the coordination of the carbodiimide to 
the calciumcentre which would inhibit the reaction.
67
 
 
 
It was also proposed that the phosphoguanidine product 47 acts as a ligand for the Lewis 
acidic metal centre. Based on further NMR studies of the reaction of diphenylphosphine with 
1,3-di-iso-propyl carbodiimide catalysed by calcium-complex 5, Hill et al. postulated that the 
catalytic reaction proceeds via fast catalyst initiation followed by insertion and σ-bond 
metathesis steps with both steps being reversible under the catalytic conditions. 
 
Furthermore, Hill and co-workers demonstrated that homoleptic calcium amide complex 10 
also catalyses the addition of diphenylamine 48 and adamantylisocyanate or arylisocyanate to 
form urea product 50. However the reaction was restricted to only two examples  
(Scheme 13).
69
  
 
 
The mechanism follows the same catalytic cycle as for the hydrophosphination and 
hydroamination of carbodiimides. A generalised catalytic cycle for the base-catalysed 
addition of acidic substrates to carbodiimides or isocyanates is shown in Scheme 14. It is 
C NR2R1N
1.5-5 mol% 5 or 10
hexane, 0.25-28 h, rt
P
Ar
NR2N
H
R1
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Scheme 12. Reaction scope for the calcium-mediated hydrophosphination of 1,3-carbodiimides 
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Scheme 13. Calcium-catalysed addition of diphenylamine to isocyanates 
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noteworthy that the σ-bond metathesis step was not reversible for the hydroamination 
reaction. 
 
 
4.1.3 Calcium-catalysed alkene hydrogenation 
 
Although the catalytic hydrogenation of unsaturated compounds represents one of the earliest 
and most well-studied examples in heterogeneous and homogeneous catalysis, investigation 
of this field of research remains important. While traditional catalysis is based often on 
precious metals, research efforts to find cheaper alternatives are increasing. Based on the fact 
that the soluble calcium hydride complex 28 was successfully applied to alkene 
hydrosilylation (see chapter 4.1.2), Harder et al. recently reported the calcium-catalysed 
hydrogenation of conjugated alkenes such as styrene and butadiene.
70
 
The calcium hydride complex 28 is effective under very mild conditions (20 °C, 20 bar H2) 
due to the high Lewis acidity of the calcium cation. The mechanism for the calcium-mediated 
hydrogenation of alkenes (Scheme 15) is similar to that for the organolanthanide-catalysed 
hydrogenation.
71
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Scheme 14. Generalised cycle for the addition of acidic substrates to carbodiimides 
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Scheme 15. Calcium-mediated catalytic hydrogenation of alkenes 
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The addition step (a) of the calcium hydride complex to an alkene is limited to conjugated 
alkenes which give benzylic or allylic calcium intermediates. The mechanism proceeds with 
σ-bond metathesis (b) via protonation of the organocalcium intermediate by molecular 
hydrogen (c). 
In most cases, the reaction products were accompanied by side products derived from single 
or multiple insertions of the alkene substrate into the calcium intermediate. Polar solvents 
significantly accelerated the conversion but also gave small amounts of dimeric or oligomeric 
side products (Table 3). Finely ground, commercially available [CaH2]n was ineffective as a 
catalyst for the hydrogenation reaction under the employed conditions.
70
 
 
Table 3. Reaction scope of the hydrogenation of conjugated alkenes 23 and 33 
a 
Entry Substrate Product T (°C) t (h) Conv. (%) 
1 23 
51
Ph2CHCH3
 
60 17 49 
2
b 
23 
dimer
(92 %) (8 %)
51
 
20 3.5 94 
3
c 
23 − 100 18 0 
4 23 
51 oligomers
(85 %) (15 %)  
20 15 > 99 
5 33 
52
traces of dimer
 
20 22 96 
a
 Reaction conditions: 2.5 mol% calcium catalyst 25, C6H6, 20 bar H2; 
b
 THF was used as solvent;  
c
 CaH2 as catalyst and THF + 20 % HMPA as solvent was used. 
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4.2 Calcium-based Lewis acid catalysis 
4.2.1 Calcium-catalysed Friedel-Crafts reaction 
 
Based on the lanthanide-catalysed reaction of secondary aryl alcohols with diarylmethanes,
72
 
several metal-based catalyst systems have been developed within the past decade in order to 
replace the original Friedel-Crafts procedures with more environmentally compatible catalytic 
approaches. In 2010, Niggemann and co-workers investigated a calcium-catalysed selective 
Friedel-Crafts alkylation of electron-rich arenes, such as resorcinol dimethyl ether, using 
environmentally benign secondary and tertiary alcohols 53 as alkylating agent.
15
 The Lewis 
acidic calcium catalyst system is formed by combination of Ca(NTf2)2 and Bu4NPF6 and 
proved to be highly reactive, even at room temperature (Scheme 16). 
 
 
The reaction proceeds under very mild conditions without exclusion of air or moisture, with 
short reaction times, and a broad substrate scope together with high functional group 
compatibility (Scheme 17). Since alcohols are used as electrophiles, water is the only by-
product. 
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-
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Scheme 16. Mechanism for the calcium-catalysed dehydration of alcohols in the Friedel-Crafts reaction 
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Niggemann and co-workers extended this method in order to synthesise indanes and tetralins 
61 via an intramolecular Friedel-Crafts alkylation of benzyl carbinols 60.
73
 It was found that 
cyclisation to the six-membered tetralins was generally preferred over indane formation. The 
reaction also proceeded under high regio- and diastereoselectivity (Scheme 18). 
 
 
Furthermore, the same group developed a calcium-catalysed cycloisomerisation that yielded 
highly substituted cyclopropane derivatives 63 with excellent diastereoselectivities. The 
reaction is based on the equilibrium of a homoallenyl cation with its cyclopropane congener 
and also proceeded under very mild reaction conditions using 5 mol% of Ca(NTf2)2 and 
Bu4NSbF6 in dichloroethane at room temperature (Scheme 19).
74
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Scheme 17. Substrate scope of the calcium-catalysed Friedel-Crafts reaction with the model substrate 
resorcinol dimethylether 58 
   R
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Scheme 18. Diastereoselective synthesis of indanes and tetralins 61 via intramolecular Friedel-Crafts 
reaction 
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Kobayashi et al. also reported that calcium complex 5 could be employed as a calcium source 
in the Friedel-Crafts-type alkylation reaction of indole 64 with chalcone 65  
(Scheme 20). Calcium complexes derived from 5 and Taddol ligand 67 showed better results 
than calcium complexes prepared from calcium alkoxides. It was assumed that the stronger 
basicity of complex 5 may result in a more efficient deprotonation of the ligand 67 and may 
form a more active complex.
75
 
 
 
A similar Friedel-Crafts reaction of indole derivatives 68 and ethyl trifluoropyruvate 69 in the 
presence of calcium binol phosphate catalyst 71 has been established by Rueping and co-
workers (Scheme 21). Among the binol and [H8]-binol phosphoric acid-derived calcium salts 
tested, calcium catalyst 71 provided the best result, providing the desired products 70 in 
excellent yields and enantioselectivities of up to 89 % ee.
76
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Scheme 19. Calcium-catalysed cyclopropanation 
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Scheme 20. Taddol-calcium-catalysed Friedel-Crafts-type alkylation reaction 
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In analogy to the Friedel-Crafts protocol, Niggemann and co-workers reported the calcium-
catalysed direct substitution of alcohols 57 with nitrogen-based nucleophiles 72  
(Scheme 22).
16
 The reaction pathway follows the same mechanism as the Friedel-Crafts 
alkylation except that the amination reaction was found to be reversible and therefore 
different equilibrating species may interconvert in the reaction mixture (see Scheme 16). 
 
 
Carbamate derivatives as well as aliphatic sulfonamides proved to be excellent nucleophiles 
for this transformation. Additionally, anilines were also found to be suitable for alkylation. 
However, slow reaction rates were observed which may be due to partial poisoning of the 
catalyst by coordination of the aniline nitrogen to the calcium cation. Therefore, only 
electron-poor anilines were tolerated as substrates.
16
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Scheme 21. Substrate scope of the calcium phosphate-catalysed Friedel-Crafts alkylation 
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Scheme 22. Substrate scope of the calcium-catalysed direct amination reaction 
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4.2.2 Calcium-catalysed allylation and desoxygenation with organosilanes 
 
Based on the dehydration of alcohols with the Ca(NTf2)2/Bu4NPF6 catalyst system, 
Niggemann et al. reported a C-C bond-forming process which involves direct substitution of 
alcohols with unsaturated organosilicon-based carbanions.
77
 The high reactivity of the 
calcium catalyst system allows efficient conversion of secondary and tertiary alcohols 74 with 
allyltrimethylsilane 75 under mild reaction conditions (Scheme 23). With the use of an excess 
of five equivalents of the nucleophile it was possible to surpress the competing background 
reaction which led to the corresponding olefin by irreversible elimination of water. 
 
 
Furthermore, the same research group reported the first calcium-catalysed direct 
deoxygenation of secondary and tertiary propargylic alcohols 80 in order to remove a specific 
hydroxyl moiety.
78
 From previous studies it was known that calcium-catalysed propargylic 
substitution reactions are generally accompanied by a reversible side reaction (Scheme 24a). 
The reduction of a variety of secondary propargylic alcohols 80 to the corresponding 
hydrocarbons 81 was achieved at room temperature in the presence of the Lewis acidic 
catalyst system of 5 mol% Ca(NTf2)2 and 5 mol% Bu4NPF6 in dichloromethane where an 
excess of triethylsilane was used as hydride source (Scheme 24b). 
 
R1R
R2
R R
1
R2
OH 5 mol%
Ca(NTf2)2/Bu4NPF6
- SiMe3OH, rt
R = CH=CHPh, CH=CPh2, cyclohex-2-enyl, 4-methoxybenzyl, C CPh
45-83 % yield, 12 examples
SiMe3
R1 = Ph, Me
R2 = H, Me
74 75 76
 
Scheme 23. Reaction scope of the calcium-catalysed allylation with trimethylallylsilane 75 
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A slight modification of the reaction conditions also allowed the reduction of tertiary 
propargylic alcohols which contrasts the ruthenium
79
 and gold
80
 catalysts typically used for 
such processes. The observed propargylic reduction of secondary alcohols was limited to 
benzylic propargylic alcohols since non-benzylic propargylic alcohols tended to form 
oligomeric side products that led to very poor yields of the desired products. 
 
 
4.2.3 Calcium-catalysed Biginelli and Pictet-Spengler reaction 
 
Calcium-catalysed Biginelli reaction 
 
In recent years, interest in the multi-component Biginelli reaction between an aldehyde, a 
β-ketoester, and (thio)urea has increased rapidly as a means to synthesise dihydropyrimidin-2-
ones. Compounds containing the dihydropyrimidin-2-one moiety are of particular interest due 
to their promising pharmaceutical and therapeutic properties. Several modifications aimed at 
improving the efficiency of this reaction have been reported.
81
 However, in general the 
reaction is typically low-yielding and often limited by strongly Lewis acidic and harsh 
conditions. In 2009, Pandiarajan et al. reported a direct one-pot Biginelli reaction for the 
synthesis of dihydropyrimidin-2-ones 85 in the presence of CaF2 as a particularly efficient and 
reusable Lewis acidic catalyst.
82
 It allowed for the synthesis of several 3,4-dihydropyrimidin-
2-one derivatives 85 in excellent yields and relatively short reaction times (Scheme 25). 
 
R
R1
OH
Et3SiH
5 mol% Ca(NTf2)2
conditions (A) or (B)
- Et3SiOH, rt
R = Ph, 4-methoxybenzyl, benzyl, Et, i -Pr, butyl
R1 = Ph, Me
52-83 % yield, 8 examples
Ph
R
R1 Ph
H
b)a)
R1
OH
R
H-Nu
-H2O
R1
Nu
R
R1
O
R
R1
R
-H2O
H-Nu
Ca-catalyst
(A) 5 mol% Bu4NPF6 in CH3NO2
(B) 5 mol% PhMe2NHB(C6F5)4 in DCE
77 78
79
80 81
 
Scheme 24. a) Intermediate formation of the self-condensation product in the presence of calcium catalyst; 
b) Reaction scope of the calcium-catalysed propargylic reduction of tertiary alcohols 
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In the mechanism of the reaction, the postulated role of the Lewis acidic calcium catalyst is to 
stabilise the ketoester in its enol form 86 (Figure 3a). Additionally, it is assumed that the 
calcium cation accelerates the rate-determing formation of the acyliminium species 87 
through coordination (Figure 3b).
83
 Therefore, the nucleophilicity of the ketoester enol and 
the electrophilicity of the acyliminium intermediate are enhanced for the cyclisation step. The 
calcium cation is also thought to be involved in the dehydration step which leads to the final 
product (see Scheme 16). 
 
 
 
Calcium-catalysed Pictet-Spengler reaction 
 
The Pictet-Spengler reaction is a commonly used synthetic method for the preparation of 
tetrahydroisoquinoline and β-carboline alkaloids.84 In general, the reaction is promoted by 
stoichiometric amounts of strong Brønsted acids which can lead to functional group 
compatibility issues and poor regiochemical control. Recently, Lewis acid-catalysed Pictet-
Spengler reactions have been reported.
85,86
 Although a large number of Lewis acids were 
screened for this reaction, Stambuli and co-workers reported the first calcium-catalysed 
CHO
R1
O O
H2N NH2
X
10 mol% CaF2
EtOH, reflux
1.5-3 h
N
H
NHR1
O
X
90-98 % yield, 17 examples
R = H, 4-Cl, 2-Cl, 4-Me, 4-OMe, 4-NO2, 4-F, 4-OH
R1 = OEt, O iPr, Me
X = O, S
82 83 84 85
R
R
 
Scheme 25. Reaction scope of the calcium-catalysed Biginelli reaction 
R2O
O O
N
O
NH2
R
a) b)
86 87
Ca2+Ca2+
H
H
 
 
Figure 3. Postulated coordination of a) ketoester enol 86 to the calcium cation and b) acylinium intermediate 
87 in the calcium-catalysed Biginelli reaction mechanism 
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Pictet-Spengler reaction of aldehydes and inactivated ketones in 2008.
87,88
 Based on 
Kobayashi’s reaction conditions for the Yb(OTf)3 catalysed reaction,
85
 Stambuli et al. 
developed an alternative calcium protocol of 10 mol% of Ca(HFIP)2 catalyst in 
dichloromethane which successfully converted a variety of aldehydes 89 and 3-hydroxy-
phenethylamine 88 to the corresponding tetrahydroisoquinolines 90 in moderate to high yields 
and high regioselectivities (Scheme 26).
87
 
 
 
In order to mimic the naturally occurring oxygen atom configuration of tetraisoquinoline 
products 90, the catalyst loading was increased to 20 mol%. This resulted in successful 
coupling of 3-hydroxy-4-methoxyphenethylamine 92 with various aldehydes in high yields. 
The need for elevated catalyst loading is likely caused by the ability of amine substrate 92 to 
reversibly coordinate to the Ca
2+
 through the hydroxyl and methoxy functionalities  
(Scheme 27).
88
 
 
 
  
HO NH2
H
O
R
Ca(HFIP)2 10 mol%
3Å MS, CH2Cl2
rt, 5-24 h
NH
HO
R
R = Ph, 4-MeOC6H4, 4-CNC6H4, 4-BrC6H4, 2-pyridinyl, benzyl, cyclohexyl, n-hexyl
65-98 % yield, 15 examples
88 89 90
 
Scheme 26. Reaction scope of the Ca(HFIP)2-catalysed Pictet-Spengler reaction 
O NH2
O
Me
H
CaRO
R = C(H)(CF3)2
HO NH2
MeO
Ca(OR)2
9291
 
Scheme 27. Reversible coordination of the amine 92 to the calcium catalyst through OH/OMe functionalities 
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4.2.4 Calcium-catalysed hydroarylation and hydroalkoxylation 
 
Hydroarylation reactions can be considered as an alternative to the Friedel-Crafts-type 
alkylation of arenes with alcohols in order to generate arylated products. Niggemann and 
co-workers investigated a calcium-catalysed selective Friedel-Crafts alkylation protocol of 
electron-rich arenes with a variety of secondary and tertiary alcohols (see chapter 4.2.1). To 
further extend the application of the mild Lewis acidic reaction conditions, investigations into 
the addition of electron-rich arenes 94 across C-C double bonds were made offering easy 
access to synthetically useful aryl-substituted compounds 95.
89
 Dienes, styrenes, and even 
trisubstituted alkenes were rapidly hydroarylated with resorcinol dimethylether and other 
electron-rich (hetero-)arenes in good to excellent yields (Scheme 28). 
 
 
The catalytic cycle is thought to be initiated by the coordination of the calcium catalyst to the 
double bond of the olefin leading to an intermediate calcium-bound carbocation. However, 
poor stability of the Ca-C bond forces this species to immediately protodemetalate. The 
carbocationic intermediate then reacts with the nucleophilic arene to form the final product 
(Scheme 29a). A second catalytic cycle was also proposed. In this mechanism, the olefin is in 
equilibrium with its corresponding Markovnikov alcohol in the presence of the strong Lewis 
acid and water-containing reaction medium. The calcium-catalysed functionalisation of the in 
situ formed alcohol with an arene then leads to the alkylated product via an SN1 mechanism 
(Scheme 29b).
3,89
 
 
R3R
R2R1
Ar-H
5 mol% Ca(NTf2)2/Bu4NPF6
traces of H2O, rt
Ar
H
R2
R3R
R1
65-95 % yield, 23 examples
Ar-H = 1,3-dimethoxybenzene, mesitylene, 2-methylfurane, phenol, N-tosylpyrrol
R-R3 = styrene, indene, isoprene, cyclopetnadiene,
cyclohexadiene, methylstyrene, 2-fluorostyrene
93 94 95
 
Scheme 28. Reaction scope of the calcium-catalysed hydroarylation 
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Investigation into the calcium-catalysed activation of olefins continued towards the 
intramolecular hydroalkoxylation of unsaturated alcohols.
90
 Various unsaturated alcohols 96 
and 97 were converted to cyclic ethers 98 and 99 in good to excellent yields with complete 
regioselectivity (Scheme 30). Trisubstituted and terminally disubstituted double bonds were 
shown to be the most reactive. The reaction rates for 1,2-disubstituted and monosubstituted 
olefins were significantly lower. 
 
 
The mechanistic proposal is similar to the envisaged hydroarylation process and also follows 
a cationic pathway. The cyclisation leads to Markovnikov selectivity again resulting from 
attack of the hydroxyl functional group at the more substituted carbon atom of the double 
bond (Scheme 31).
90
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Scheme 29. Proposed catalytic cycles for the calcium-catalysed hydroarylation 
R2
R1
R
OH
R2R
OH
or
CH2Cl2, rt
5 mol% Ca(NTf2)2/Bu4NPF6
OR2 R
R1
or O
R
R2
46-99 % yield, 13 examplesR = H, Me; R1 = H, Me, Ph; R2 = H, Me
96 98 9997
 
Scheme 30. Reaction scope of the calcium-catalysed hydroalkoxylation 
OH OH OH
O
H+
-H+
Ca2+
Ca2+
Ca2+-
100 101 102 103  
Scheme 31. Proposed mechanism for the calcium-catalysed hydroalkoxylation 
Chapter I: Introduction 
30 
 
4.3 Calcium-catalysed asymmetric bond-forming reactions 
4.3.1 Aldol-, Mannich-, and Michael-type reactions 
 
Calcium-catalysed Aldol reaction 
 
The catalytic asymmetric aldol reaction is widely used in organic synthesis. It is one of the 
most efficient methods for carbon-carbon bond formation for academic and industrial use. 
Recently, alkaline earth complexes have been applied as catalysts for this reaction. Such 
catalysts are typically prepared in situ and have not yet been fully characterised. Shibasaki 
and co-workers introduced the first example of a direct-type asymmetric aldol reaction 
catalysed by a well-defined alkaline earth complex with Ba
2+
 as the metal centre bearing 
oxygen-based ligands.
91
 
 
In 2001, Noyori and Shibasaki reported the first calcium alkoxide catalyst for the asymmetric 
cross-aldol coupling of acetophenone 105 and various aldehydes 104 giving chiral aldol 
products 106 with high enantioselectivities of up to 91 % ee (Scheme 32).
92
 The chiral 
calcium-diolate catalyst was prepared from calcium complex 5 and chiral diol 107. By adding 
KSCN to the catalyst system, the enantioselectivity was significantly increased. An excess of 
three equivalents of the chiral protic ligand was also essential for an effective conversion. 
 
 
Due to this it is likely that oliogomeric species with remaining OH-acidity are involved in the 
reaction mechanism. The formation of a highly aggregated chiral complex was also suggested 
from mass spectroscopy analysis. Protonation and deprotonation of the chiral ligand are 
essential steps in the proposed mechanism. It was also assumed that a ketone enolate was 
formed kinetically in the presence of the hydrobenzoin-calcium complex (Scheme 33).
92
 
R-CHO
O
3 mol% 5 and 107
9 mol% KSCN
-20 °C, EtCN:THF (4:1)
0.21 M, 10-24 h
O
R
OH
13-88 % yield, 15-91 % ee, 5 examples
Ph
Ph OH
OH
R = Ph Ph
104 105 106 107
 
Scheme 32. Enantioselective direct aldol-type reaction with Noyori catalyst 
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Kobayashi and co-workers reported that calcium alkoxides are also very effective catalysts for 
the amide-aldehyde aldol coupling of (N-Boc)propionamide with a variety of different 
aldehydes.
93
 Where lanthanide alkoxides were not suitable catalysts for this reaction, 
increased reactivity was observed with heavier alkaline earth alkoxides along the series Mg < 
Ca < Sr < Ba. 
 
 
Calcium-catalysed Mannich reaction 
 
The Mannich reaction provides a useful method for building biologically important nitrogen-
containing molecules such as β-amino carbonyl compounds. In 2010, Ishihara and co-workers 
reported an enantioselective direct Mannich-type reaction of 1,3-dicarbonyl compounds with 
N-Boc-imines 108 catalysed by a chiral calcium phosphate complex. This complex was 
prepared from a calcium alkoxide and a phosphoric acid bearing a BINOL backbone.
94,95
 
Where α-substituted β-ketoesters only gave moderate enantio- and diastereoselectivities, 
α-nonsubstituted β-ketothioesters 109 turned out to be more suitable substrates for this 
Mannich-type reaction and their products 110 were isolated in high yields with high 
enantioselectivities (Scheme 34). In accordance with the 
31
P NMR analysis of catalyst 111, it 
was suggested that the active catalytic species is the monomeric calcium complex. 
 
R
OH O
Ph
H
O
R
O
Ph
O
Ph
O
R
O
Ph
O
H
R
O
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O
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H
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Scheme 33. Proposed catalytic cycle for the asymmetric aldol reaction mediated by a chiral calcium catalyst; 
chiral ligand L
*
 serves as a proton source 
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Recently, Rueping and co-workers reported an extension of the calcium phosphate-catalysed 
Mannich reactions by employing cyclic dicarbonyl compounds, such as pyrone 112, as the 
carbonyl donor (Scheme 35).
96
 Among the catalysts that were tested, the best 
enantioselectivities were obtained with calcium phosphate catalyst 115. The reaction 
proceeded at -40 °C with dibutylether as the most suitable solvent. Performing the reaction 
with metal-free BINOL phosphoric acid resulted in lower enantioselectivity of 60 % ee of the 
Mannich adduct, implicating the necessity of the calcium metal centre. 
 
 
Further studies by Zhu and co-workers also applied a calcium phosphate catalyst (Ar = Ph) to 
an enantioselective amination reaction of enamides to azodicarboxylates. The chiral enantio-
enriched hydrazinoimine products were easily converted by hydrolysis or diastereoselective 
reduction of the imine function to provide 2-hydrazinoketones and 1,2-diamines, respectively, 
in high yields of up to 99 % and excellent enantioselectivities of up to 96 % ee.
97
 
 
Kobayashi et al. reported a Pybox-calcium complex catalysed asymmetric addition of 
malonates 116 to N-Boc-imines 117. After 2 h, the corresponding Mannich adducts 118 were 
obtained in high yields with good to moderate enantioselectivities of up to 77 % ee  
R H
N Boc
R1 SR2
O O
2.5 mol% 111
CH2Cl2, rt, 1 h
R R1
O
O SR2
NH
Boc
81-99 % yield,90-97 % ee, 12 examples
R = Ph, 4-Cl(or Br)C6H4, 4-MeC6H4, 4-MeOC6H4 3-thiophenyl, 1-naphthyl
R1 = Ac, 2,6-xylyl
R2 = Ph, 2,6-xylyl
O
O
P
O
O Ca
2Ar
Ar
Ar = 4-(2-naphthyl)C6H4
111
108 109 110
 
Scheme 34. Calcium-catalysed direct Mannich-type reaction with calcium catalyst 111 
O
O
OH
R H
N
Boc
5 mol% 115
Bu2O, -40 °C, 60-72 h
O
O
OH
R
HN
Boc
43-67 % yield, 39-88 % ee, 8 examples
R = 4-MeC6H4, 3-ClC6H4, 2-BrC6H4, Ph
112 113 114
O
O
P
O
O Ca
2Ar
Ar
115
Ar = 3,3'-(2,4,6-tri-iso-propyl)-phenyl 
Scheme 35. Calcium-catalysed Mannich reaction with aldimines 113 and pyrone 112 as carbonyl donor 
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(Scheme 36). Conversely, anionic calcium complexes derived from bisoxazoline and BINOL 
ligands gave very low enantioselectivities.
98
 
 
 
 
Calcium-catalysed Michael reaction 
 
In 2001, Kumaraswamy and co-workers reported an asymmetric Michael addition of 
malonates or β-ketoesters 121 to α,β-unsaturated carbonyl compounds 120 catalysed by a 
BINOL-calcium complex or a [H8]-BINOL-calcium complex. The Michael adducts 122 were 
obtained in moderate to good yields with very good enantioselectivities of up to 88 % ee  
(Scheme 37a).
99
 The same group also extended the application of the BINOL-calcium system 
for the synthesis of quaternary stereocentres (Scheme 37b).
100
 
Variation of the substituents in the chiral BINOL ligand 126 to H8-BINOL ligand 
significantly improved the enantioselectivity from 40 % ee to 72 % ee. In all cases, the 
BINOL-calcium catalysts were prepared in situ from an excess of calcium chloride and the 
potassium salt of BINOL or H8-BINOL ligands 126 in ethanol at room temperature. 
Unfortunately, the precise active calcium complex has not yet been further characterised as 
attempts to obtain suitable crystals for structural analysis have been unsuccessful.
100
 
 
BnO OBn
O O
R1
N
Boc
R
10 mol% Ca(OiPr)2
15 mol% 119
xylene, -20 °C, 2 h
BnO OBn
O O
R
R1N
H
Boc
73-95 % yield, 5-77 % ee
14 examples
R = H, Me, benzyl
R1 = Ph, 2-/3- or 4-MeC6H4, 4-FC6H4, 1-naphthyl, 2-furyl, C6H11
N
O
N N
O
Bn Bn
119
116 117 118
 
Scheme 36. Reaction scope of the Pybox-calcium complex catalysed Mannich reaction of malonates with 
N-Boc-imines 
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Antilla et al. reported the calcium phosphate-mediated asymmetric Michael reaction of 
oxindole derivatives 127 with methyl vinyl ketone by VAPOL-calcium phosphate catalyst 
131 (Scheme 38a).
101
 
 
 
R R1
O
R2 R2
OO
18 mol% CaCl2
15 mol% 126
toluene, -15 °C, 24 h R

R1
O
CO2R
2R2O2C
55-90 % yield, 21-88 % ee
8 examplesR = Ph, Me, H; R1 = Ph, Me, -(CH2)3-, -(CH2)4-
R2 = Me, Et, i-Pr
OK
OK
126
a)
b)
O
OMe
O
R
10 mol% CaCl2
10 mol% 126
O
toluene, -40 °C, 12 h
O
R
CO2Me
O
80-93 % yield, 0-80 % ee
6 examplesn = 0, 1
R = H, 4-Cl, 4-Br, 3-MeO
n n
120 121 122
123 124 125
 
 
Scheme 37. a) Reaction scope of the BINOL-calcium-catalysed 1,4-addition reaction; b) Asymmetric 
Michael addition of β-ketoesters 123 to methylvinyl ketone 124 catalysed by an H8-BINOL-calcium complex 
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R1R
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2.5 mol% 131, MVK
i -PrOAc, 0 °C
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O
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O
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Ph
Ph
131
95-97 % yield, 90-95 % ee
4 examples
98-99 % yield, 62-99 % ee
12 examples
60-96 % yield, 91-99 % ee
14 examples
R = H, F, Me, OMe
R1 = Me, Ph, p-Tol, naphthyl
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Scheme 38. VAPOL-calcium phosphate-catalysed: a) Michael addition, b) chlorination reaction, and c) 
benzoxylation reaction 
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They also showed that this type of calcium catalyst could be applied to several reactions, such 
as calcium-catalysed chlorination
101
 (Scheme 38b) and benzoxylation
102
 with benzoyl 
peroxide 132 (Scheme 38c). In all cases, the desired products 128-130 were obtained in 
excellent yields and enantioselectivities. 
 
Further investigations towards the calcium-catalysed Michael addition have been made by 
Kobayashi and co-workers focusing on chiral bisoxazoline ligands 133-135 bearing 
methylene moieties with acidic hydrogen atoms (Figure 4).
103,104 
 
 
It was shown that in situ chiral calcium complexes derived from such Box ligands and 
calcium alkoxides were effective in the asymmetric 1,4-addition reactions of glycine Schiff 
bases 137 with α,β-unsaturated esters or amides 136 (Scheme 39). The 3-substituted glutamic 
acid derivatives 138 were obtained in excellent yields, diastereoselectivities, and with high 
enantioselectivities of up to 99 % ee.
 105,106
 
 
 
However, it was found that when β-substituted α,β-unsaturated esters 139, such as methyl 
crotonate were employed with glycine derivatives 140 under the standard reaction conditions, 
the products were not the expected Michael adducts but rather the corresponding pyrrolidine 
derivatives 141. These products were formed via a formal [3+2] cycloaddition pathway. This 
N
OO
N
134
N
OO
N
Ph
PhPh
Ph
133
N
OO
N
PhPh
135
a) b) c)
 
Figure 4. Bisoxazoline ligands 133-135 used for the 1,4-addition reaction and [3+2] cycloaddition of glycine 
Schiff bases with α,β-unsaturated carbonyl compounds 
N
O
OR1
EWG
10 mol% Ca(OiPr)2
10 mol% 135
THF, MS 4Å, -30 °C, 12 h
Ph
Ph
N
OR1
O
Ph
Ph
R
43-100 % yield, 55/45-91/9 dr
52-99 % ee, 13 examples
R
EWG
R = H, Me, Et, i-Pr, t-Bu, Ph, Cl
R1 = Me, t-Bu
EWG = CO2Me, CO2Et, CO2tBu, CONMeOMe, SO2Ph
136 137 138
 
Scheme 39. Substrate scope of the 1,4-addition reaction with Ca(OiPr)2 and Box ligand 135 
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new method was successfully applied to the synthesis of highly substituted products bearing 
contiguous chiral carbon centres (Scheme 40).
105
 It was also reported that calcium amide 
complex 5 was an efficient catalyst for these reactions. When a glycine derivative bearing a 
tert-butyl-phenylmethylene group was used, the originally desired 1,4-adducts were obtained 
exclusively in high yields and high enantioselectivities. 
 
 
Following these studies, Kobayashi et al. extended the application of the Box-calcium 
catalysts to 1,4-addition reactions of 1,3-dicarbonyl compounds with nitroalkenes. Initial 
studies on the reaction of malonates 142 with β-nitrostyrene 143 and a calcium catalyst, 
prepared from calcium alkoxides and chiral ligands, showed that a calcium complex with a 
neutral coordinative ligand, such as anti-Ph2-Pybox 145, gave the desired 1,4-adducts 144 
with the highest enantioselectivities and good yields (Scheme 41).
107
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R3
R2
R1
O
OR5
O
up to quant. yield, up to 99:1 dr ,
up to 99 % ee, 44 examples
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O
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O
R1R
R4 R
4
10 mol% Ca(O iPr)2
10 mol% 133, 134 or 135
THF, MS 4Å
-44 to 10 °C, 3-72 h
R = H, Me, Et, n-Bu, n-heptyl, Ph
R1 = OMe, OEt, CH2OtBu, OtBu, NMe2, NCy2
R2 =Ph, 4-ClC6H4, 4-MeC6H4, 2-naphthyl, 2-furyl, t-Bu, Cy
R3 = H, Ph
R4 = H, Me, Et, benzyl, i -Pr, t -Bu, CH2OtBu, CH2CH2SMe
139 140 141
 
Scheme 40. Calcium-catalysed [3+2] cycloaddition reaction of amino acid Schiff bases 140 and 
α,β-unsaturated carbonyl compounds 139 in the presence of Ca(OiPr)2 and Box ligands 133-135 
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R2 = MeO, Me, OEt
R3 = Ph, Cy, 2-furyl, 4-BrC6H4, 2-MeC6H4, 3-MeC6H4, 4-MeOC6H4
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16 examples
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Scheme 41. Reaction scope of the calcium-catalysed 1,4-addition of 1,3-carbonyl compounds 142 with 
nitroalkenes 143 
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4.3.2 Calcium-catalysed epoxidation 
 
In 1997, Jackson et al. reported the asymmetric catalytic epoxidation of olefin bonds in 
chalcones by t-BuOOH with a mixture of (n-Bu)2Mg and enantiopure diethyltartrate as the 
catalyst.
108
 Following these results, Kumaraswamy and co-workers introduced a calcium-
BINOL catalyst system 148 that was effectively applied to the asymmetric epoxidation of 
various chalcone derivatives 146 with enantioselectivities of up to 80 % ee (Scheme 42) and 
to the natural product synthesis of (S)-fenoprofen.
109,110
 The BINOL-calcium catalyst 148 was 
prepared via deprotonation of the BINOL ligand with t-BuOK and calcium chloride in 
ethanol. 
 
 
Although the catalyst is prepared in situ and has not been fully characterised, Kumaraswamy 
proposed a mechanistic cycle that likely contains a trimeric or tetrameric cluster which is 
assumed to be responsible for the observed enantioselectivity. 
 
 
4.3.3 Calcium-catalysed Tischenko reaction 
 
The dimerisation of simple aldehydes to the corresponding carboxylic esters, known as the 
Tischenko reaction, is an atom-efficient transformation that has found numerous applications 
in the food and perfume industries. The reaction is classically catalysed by transition metals
111
 
or lanthanide amide complexes.
112
 Recently, Hill and co-workers showed that homoleptic 
alkaline earth amide complexes, such as calcium complex 5, are effective catalysts for the 
dimerisation of electron-deficient aromatic and aliphatic aldehydes 149 to the corresponding 
carboxylic esters 150 (Scheme 43).
113
 
R R1
O
10 mol% 148
tBuOOH (2.0 equiv.)
cyclohexane: toluene (9:1)
-15 to 0 °C, MS 4 Å, 48-58 h
R R1
O
O
60-91 % yield, 22-80 % ee,
10 examples
R = Ph, 4-ClPh, p-Tol, 1-naphthyl
R1 = Ph, 2-naphthyl, 2-NH2Ph, 4-BrPh, p-Tol
O
O
Ca
148
146 147
 
Scheme 42. Reaction scope of the calcium-catalysed asymmetric epoxidation of chalcone derivatives 146 
with BINOL-calcium catalyst 148 
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Surprisingly, the activity of the alkaline earth amides decreased with metal size (Ca > Sr > 
Ba) which opposes the trend that was observed for lanthanide catalysts where the highest 
activity was shown by the largest Ln metal. This could be due to considerable redistribution 
on descending group 2, which results to lower activities. However, this is not always visible 
by NMR analysis. The proposed mechanism is similar to that reported for the lanthanide-
catalysed reaction, proceeding by a Meerwein-Ponndorf-Verley-type reduction where the 
metal amide pre-catalyst is converted to the metal alkoxide catalyst. Additional evidence 
suggests a hydrogen transfer step is also involved in this catalytic cycle (Scheme 44).
114,115 
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O 1-5 mol% 5
benzene, rt, 24 h R O
O
R
70-96 % yield, 8 examples
R = Ph, 3-CF3Ph, 3-MeOPh, 4-BrPh, t-Bu, C6H11
2
149 150
 
Scheme 43. Calcium-catalysed dimerisation of aldehydes 149 to the analogous carboxylic esters 150 
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Scheme 44. Proposed mechanism for the Tischenko reaction catalysed by calcium amide complex 5 
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II Research aim, objectives and description of the project 
 
It is likely that few applications of lanthanide salts have been as thoroughly embraced by the 
synthetic community as the Luche protocol for the selective 1,2-reduction of conjugated 
aldehydes and ketones to allylic alcohols. In addition, to providing excellent selectivity for 
1,2-carbonyl reduction, the Luche procedure exhibits high chemoselectivity for substrates 
bearing a variety of sensitive functional groups. Mechanistically it has been demonstrated that 
cerium chloride facilitates the methanolysis of sodium borohydride (see chapter 5, Figure 5). 
According to the HSAB theory, the resulting methoxyborohydride species are harder reducing 
agents and therefore effect the 1,2-reduction with higher selectivity. However, there are 
several drawbacks to this method, particularly in the synthesis of pharmaceuticals. While 
cerium chloride is the least expensive of the lanthanide salts, replacement of this Lewis acid 
with an even more cost effective and environmentally benign calcium salt would be a 
valuable modification. 
 
This project was established to investigate whether calcium salts would be a suitable 
replacement for cerium(III) chloride in this selective reduction. While many of the calcium-
mediated processes, as highlighted in chapter I, rely on calcium complexes that are highly air 
and moisture sensitive, the overall goal of this research was to explore the use of cheap and 
stable calcium salts bearing hard conjugate bases, such as 
−
OTf, in order to afford water-
stable complexes. The 1,2-reduction of 2-cyclopentenone 151, a highly challenging substrate, 
was selected as a test reaction since this substrate is known to undergo 1,4-reduction more 
readily than 1,2-reduction (Scheme 45). 
 
 
Following the successful development of suitable reaction conditions, it was envisaged that a 
variety of different substrates would be investigated in order to determine the scope of the 
reaction. Having acknowledged that the selective reduction of enone 151 is one of the most 
O
NaBH4
calcium salt
OH OH
151 152 153  
Scheme 45. Calcium-mediated reduction of 2-cyclopentenone 151 
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challenging examples known, it was expected that other substrates would react with high 
regioselectivity. 
With a successful reduction protocol in hand further examination of a variety of related 
reactions such as calcium-mediated stereoselective reduction of α,β-epoxy and α,β-aziridinyl 
ketones 154 was envisioned. We expected that the epoxide or aziridine functionality could 
serve as a stereodirecting group (Scheme 46). 
 
 
Furthermore, lanthanide(III) salts have also been extensively studied for the 1,2-addition of 
organometallic reagents such as Grignard and organolithium compounds to carbonyl 
functionalities. Such 1,2-additions have provided an excellent method for synthesising 
secondary and tertiary alcohols via carbon-carbon bond formation. However, organometallic 
reagents, when strongly basic, often give undesired by-products and side reactions. For 
example, when easily enolisable ketone substrates such as ketone 157 are used for the 
1,2-addition reaction, enolisation occurs more readily than 1,2-addition. The use of 
stoichiometric amounts of Lewis acidic additives, such as cerium(III) halides, however, can 
circumvent the undesired side reactions. 
In addition to the 1,2-reduction chemistry, we also sought to investigate a calcium-based 
1,2-addition protocol by replacing the lanthanide(III) salt with a suitable calcium additive 
(Scheme 47). The 1,2-adddition of Grignard and organolithium compounds to 1,3-diphenyl-
propanone 157 was selected as test reaction since this substrate is known to undergo enolate 
formation more readily than 1,2-addition in a basic environment. We envisaged that suitable 
tuning of the calcium salt employed and the reaction conditions should give access to an 
alternative protocol which rivals the classic lanthanide-mediated 1,2-addition reaction. 
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O
X
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Scheme 46. Calcium-mediated stereoselective reduction of α,β-epoxy and α,β-aziridinyl ketones 
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Scheme 47. Calcium-mediated 1,2-addition of ketone 157 with Grignard or organolithium compounds 
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III Results and discussion 
5 Luche reduction - Theory and mechanism 
 
Reduction reactions are among the most important and prevalent transformations in synthetic 
organic chemistry. Both industry and academia place special emphasis on carbonyl reductions 
due to the versatility of this operation for the generation of a wide range of products. A large 
variety of successful approaches have been developed for this chemical transformation.
116
 The 
discovery of sodium borohydride in 1953 set the foundation for the development of new 
methods for the chemoselective reduction of α,β-unsaturated carbonyl compounds to 
synthesise allylic alcohols.
117,118 
 
In 1978, Luche and co-workers reported that the use of cerium(III) chloride and sodium 
borohydride in a methanol solution to reduce α,β-unsaturated ketone 159 exclusively gave 
1,2-reduction product 160 (Scheme 48). This reaction can be performed at room temperature 
and is tolerant to air and moisture. Moreover, the reaction is usually completed within  
5-10 min with excellent chemoselectivity and isolated yields.
119,120,121
 
 
 
The Luche protocol evidently offers a number of advantages. Nearly exclusive selective 
1,2-reduction is obtained under conditions which do not affect carboxylic acids, esters, 
amides, halides, cyano or nitro groups. Even 2-cyclopentenone 151 which is especially prone 
to undergo competitive 1,4-addition can be reduced to 2-cyclopentenol 152 with high 
selectivity.  
Full elucidation of the operative mechanism, especially when performed in an alcoholic 
solvent, has yet to be determined. Usually, hard metal hydrides (containing metal-H bonds 
with more ionic character) deliver the hydride to the carbonyl group, whereas soft metal 
hydrides (containing metal-H bonds with more covalent character) favour conjugate addition. 
CeCl3, NaBH4
MeOH, rt, 10-15 minR
O
R1 R
OH
R1 R
OH
R1
159 160 161
up to 100:0 selectivity  
Scheme 48. Selective 1,2-reduction of α,β-unsaturated ketones 
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Metal hydrides, such as sodium borohydride, are soft reducing agents and have a tendency to 
reduce enones at the β-position of the double bond. The anticipated product of the Luche 
reaction would thus be that of the conjugate addition process; however, carbonyl reduction is 
observed. The active species during the Luche reduction is therefore believed to be an 
alkoxyborohydride, which acts as a hard reducing agent, favouring reduction at the carbonyl 
centre (Scheme 49). 
 
 
Additional roles for cerium in the reaction mechanism have been implicated. First, cerium is 
thought to catalyse the formation of the in situ alkoxyborohydrides species. It also acts to 
increase both the acidity of the reaction medium and the electrophilicity of the carbonyl 
carbon atom via H-bonding where the Ce
3+
 coordinates to the oxygen atom of the solvent 
(Figure 5).
122
 
 
 
A preliminary report on the use of calcium chloride in this reaction appeared in 1991.
123
 The 
selectivity of 1,2-reduction versus the competing 1,4-reduction was limited however, 
especially for challenging substrates, such as 2-cyclopentenone 151. We felt that suitable 
tuning of the calcium salt employed along with the reaction conditions should give access to a 
calcium-based protocol that rivals the classic Luche process. 
  
B
H
H
H
H
n ROH
BH4-n(OR)n
Ce3+
BH4-p(OR)p
n = 0,1
p = n+1  
Scheme 49. Formation of alkoxyborohydrides 
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Figure 5. Proposed mechanism for the Luche reduction 
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6 Calcium-mediated 1,2-reduction of α,β-unsaturated ketones 
6.1 Reaction optimisation with model substrate 151 
6.1.1 Synthesis of calcium salts 
 
Many of the calcium-mediated processes highlighted in the Introduction (see chapter 4) rely 
on calcium complexes that are highly air and moisture sensitive. The use of calcium salts 
bearing hard conjugate bases as counterions, such as RSO3
−
, could afford water-stable 
complexes. A critical aspect in the synthesis of these complexes relies on the pKa of the 
counterions.
124
  
Initial studies began with the establishment of a library of different calcium salts which were 
then screened for the reduction of model substrate 151. While many calcium salts, such as the 
calcium halides and calcium alkoxides are commercially available, calcium sulfonates are 
readily synthesised from inexpensive calcium carbonate.
125
 Simple mixing of one equivalent 
of carbonate 162 and two equivalents of a sulfonic acid 163 in methanol at 0 °C gave access 
to a variety of new calcium salts (Table 4), such as calcium tosylate 164, calcium mesylate 
165, calcium 4-chlorobenzenesulfonate 166, and perfluoroalkyl sulfonates 167 and 168. After 
a simple filtration step, calcium salts 164-168 were obtained in good to excellent yields, 
sufficiently pure to be used in the next step. 
 
 
Entry Calcium salt R Time Yield (%)
a 
1 164 p-MeC6H4 0.17 h 99 
2 165 Me 3 h 95 
3 166 p-ClC6H4 3 h 60 
4 167 C4F9 4.5 h 99 
5 168 C8F17 5 h 66 
a
 Isolated yield after filtration and drying under high vacuum. 
 
While calcium triflate is commercially available
126
 it can also be readily synthesised from 
calcium carbonate by an analogous procedure to the same described above. The addition of 
Table 4. Synthesis of calcium sulfonates 164-168 
162
CaCO3
RSO3H (2.0 equiv.)
MeOH, 0 °C to rt
Ca(SO3R)2
164-168  
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trifluoromethanesulfonic anhydride to carbonate 162 in toluene at 0 °C gave triflate 169 in 
27 % yield (Scheme 50). The low yield likely results from the high solubility of calcium 
triflate in a large variety of organic solvents. As trifluoromethanesulfonic anhydride is 
reasonably expensive, it has been previously demonstrated that calcium triflate is readily 
recoverable from reaction mixtures.
127
 
 
 
Calcium salts bearing weakly coordinating anions, for example calcium tetrafluoroborate, 
were also of interest for our study. Commercial calcium borate 170
128
 can also be synthesised 
from cheap carbonate 162 and two equivalents of tetrafluoroboric acid. After stirring under 
reflux overnight, tetrafluoroborate 170 was obtained in quantitative yield (Scheme 51). 
 
 
Niggemann and Kobayashi demonstrated successful applications of calcium triflimide 171 
and calcium alkoxides as suitable Lewis acids that effectively mediated a broad range of 
reactions (see chapters 4.2 and 4.3). Since our methodology likely requires calcium salts with 
similarly high Lewis acidity in order to promote the selective 1,2-reduction, we also prepared 
triflimide 171. The calcium salt was synthesised in one step by treating calcium carbonate 
with two equivalents of bis(trifluoromethane)sulfonimide in water affording triflimide 171 in 
quantitative yield (Scheme 52). 
 
 
162
169
O(SO2CF3)2 (2.0 equiv.)
toluene, 0 °C to rt, 3.25 h
Ca(SO3CF3)2
27 %  
Scheme 50. Synthesis of calcium triflate 169 
162
170
HBF4 (2.0 equiv.)
toluene, reflux, 14 h
Ca(BF4)2
quant.  
Scheme 51. Synthesis of calcium tetrafluoroborate 170 
162
171
HN(SO2CF3)2 (2.0 equiv.)
H2O, rt, 14 h
Ca[N(SO2CF3)2]2
quant.  
Scheme 52. Synthesis of calcium triflimide 171 
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Additionally, calcium alkoxide 173 was synthesised in quantitative yield from commercially 
available calcium methoxide 172 and p-methoxyphenol (Scheme 53). It is noteworthy that 
other calcium alkoxides, such as calcium iso-propoxide, are also available from commercial 
suppliers. 
 
 
 
6.1.2 Initial screen of calcium salts 
 
Our initial studies began with optimisation of the conditions for the model reaction  
(Scheme 54). To ensure that even challenging substrates would undergo 1,2-reduction, we 
chose 2-cyclopentenone 151 as the appropriate model substrate which more readily undergoes 
1,4-addition reaction compared to 1,2-reduction.
119
 Successful 1,2-reduction of this starting 
material would imply that suitable calcium salts for reduction reactions had indeed been 
synthesised. To this end, we hoped to identify a calcium-based protocol that rivals the classic 
Luche reaction and that can also be successfully employed on a broad range of substrates. 
 
 
It should be noted that GC analysis with manual injection was used for all screening 
experiments to determine the ratio of the reduction reaction products 152 and 153. The 
standard error of such GC measurements is between 10 and 15 %. The GC instrument was 
calibrated prior to its use (see appendices chapter 14). 
Initial screenings for the 1,2-reduction of model substrate 151 in the presence of a large 
variety of calcium salts are outlined in Table 5. When sodium borohydride was used alone in 
the absence of a Lewis acid, reduction of enone 151 afforded alcohol 153 as the only product 
Ca(OMe)2
p-OMeC6H4OH (2.0 equiv.)
THF, rt, 14 h
quant.
Ca(p-OMeC6H4O)2
172 173  
Scheme 53. Synthesis of calcium p-methoxyphenolate 173 
O calcium salt (X equiv.)
MBH4 (X equiv.)
solvent, temp., time
OH OH
151 152 153  
Scheme 54. Model reaction for the optimisation of the reaction conditions for the calcium-mediated 
1,2-reduction of α,β-unsaturated ketones 
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(entry 1). However, in the presence of cerium chloride enone 151 was almost exclusively 
reduced to allylic alcohol 152 (97:3, 152:153, entry 2).  
 
 
Entry
 
Calcium salt Solubility in MeOH
b 
Conv. (%)
c
 
151 
Selectivity (%)
d 
152 153 
1 - - 100 0 100 
2 CeCl3 s 100 97 3 
3 CaF2 ns 100 6 94 
4 CaCl2 s 100 48 52 
5 CaBr2·hydrate s 100 45 55 
6 CaI2·hydrate s 92 18 82 
7
e 
Ca(BF4)2 ns 21 24 76 
8 Ca(OCl4)2·hydrate s 78 0 100 
9 Ca(PO4)2 ns 100 0 100 
10 Ca(OPhOMe)2 s 100 0 100 
11 Ca(OMe)2 ns 100 8 92 
12 Ca(OiPr)2 ns 21 0 100 
13 Ca(OMs)2 ns 100 25 75 
14 Ca(OTs)2 ns 92 24 76 
15 Ca(OPhCl)2 s 73 37 63 
16 Ca(OTf)2 s 100 30 70 
17 Ca(SO3C8F17)2 ns 80 29 71 
18 Ca(NTf2)2 s 21 0 100 
a
 Screening conditions: A reaction mixture of 0.8 mmol of 151, 0.8 mmol of calcium salt, and 
0.8 mmol of sodium borohydride in 0.5 M solution of MeOH was stirred for 20 min at rt unless 
otherwise stated; 
b
 Calcium salt was not or only partly soluble in MeOH = ns, and soluble = s; 
c
 Conversion was determined by GC analysis; 
d
 Selectivity was determined by GC analysis; 
e
 2.5 h. 
 
We found that with a stoichiometric amount of sodium borohydride and calcium chloride in 
methanol at room temperature, reduction of enone 151 afforded unsaturated alcohol 152 and 
Table 5. Calcium salt screen under classic Luche conditions with model substrate 151
a 
O calcium salt (1.0 equiv.)
NaBH4 (1.0 eqiuv.)
MeOH, 0.5 M, rt, 20 min
OH OH
151 152 153  
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saturated alcohol 153 as approximately a 50:50 mixture (152:153, entry 4). Use of 
stoichiometric amounts of calcium bromide showed a slight decrease of the 1,2-selectivity 
(45:55, 152:153, entry 5) while with calcium iodide the 1,2-selectivity was even further 
decreased to 18:82 (152:153, entry 6). 
In the case of all calcium salts that showed poor solubility in methanol saturated alcohol 153 
was favoured than the desired 1,2-reduction product 152 with the following varying 
selectivites: calcium fluoride (6:94, 152:153, entry 3), calcium phosphate (0:100, 152:153, 
entry 9), and the calcium alkoxides (8:92 to 0:100, 152:153, entries 10, 11, and 12) gave 
almost exclusively the saturated product 153. Surprisingly, even though Niggemann and co-
workers demonstrated that calcium triflimide 171 could be employed as Lewis acid in a broad 
range of reaction (see chapter 4.2), its use as additive in the model reaction resulted in 
exclusive formation of the saturated alcohol 153 (entry 18). 
 
In general, we found that with most of the calcium salts the reduction of enone 151 in 
methanol solution proceeded very exothermically with immediate evolution of a large amount 
of hydrogen gas and, in most of the cases, the reaction was also finished within five minutes 
and with complete consumption of the starting material. Despite the fact that high solubility 
of the calcium salt in the reaction medium is necessary to obtain better selectivity towards the 
1,2-reduction product 152, we could not observe any significant trend for the 1,2-reduction 
versus the 1,4-addition reaction. Therefore, we decided to undertake a wider reaction 
parameter screen. 
 
 
6.1.3 Reaction parameter screen 
6.1.3.1 Solvent screen 
 
Based on the results obtained for the 1,2-reduction of enone 151 in the presence of various 
calcium salts in methanol the effect of different solvents on the selectivity was investigated 
(Scheme 55). We focused on a variety of alcoholic solvents as well as coordinative solvents, 
such as THF and methoxyethanol, in order to increase the solubility of the calcium salts 
especially those bearing sulfonate counterions. 
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It was reported for cerium chloride that methanol provided the highest selectivity for the 
1,2-reduction of enone 151 accompanied by a very large reaction rate. The selectivity and 
reaction rate were progressively reduced in ethanol and isopropanol; however, the reaction 
also tolerated small amounts of water. Provided its concentration is less than 5 %, water had 
little effect on the selectivity. As the amount of water increases, the 1,2-selectivity decreased 
(152:153, 85:15 for MeOH:H2O, 9:1 and 152:153, 50:50 for MeOH:H2O, 1:1).
119,122
  
Indeed, we found that the use of calcium chloride in its hexahydrate form, compared to the 
use of anhydrous calcium chloride, had no significant effect on the selectivity providing 
results with similar 1,2-selectivity (Table 6, entries 1 and 2). 
 
 
Entry Calcium salt 
Conv. (%)
a
 
151 
Selectivity (%)
b
 
152 153 
1 CaCl2 82 48 52 
2 CaCl2·6H2O 88 45 55 
a
 Conversion was determined by GC analysis; 
b
 Selectivity was determined by GC analysis. 
 
However, when the reaction was performed in pure water the 1,2-selectivity decreased to 
15:85 (152:153, see Figure 6 for calcium chloride). For the following experiments we 
decided to use calcium hexahydrate due to its better solubility in less polar reaction mediums. 
 
By testing various solvents we hoped to increase the solubility of calcium salts which showed 
poor solubility in methanol, for example those bearing sulfonate counterions, and 
consequently the 1,2-selectivity. We also envisaged lowering the reaction rate by using more 
O calcium salt (1.0 equiv.)
NaBH4 (1.0 eqiuv.)
solvent, 0.5 M, rt, 15 min
OH OH
151 152 153  
Scheme 55. Solvent screen for model substrate 151 in the presence of calcium halides and calcium sulfonates 
Table 6. Comparison of the use of anhydrous calcium chloride and calcium hexahydrate as additive 
O
CaCl2·6H2O or
CaCl2(1.0 equiv.)
NaBH4 (1.0 eqiuv.)
MeOH, 0.5 M, rt, 15 min
OH OH
151 152 153  
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sterically hindered alcoholic solvents, such as ethanol and iso-propanol. Upon addition of 
sodium borohydride to the methanolic solution a vigorous reaction occurred including a 
temperature rise of up to 40 °C and immediate loss of a large amount of hydrogen. We hoped 
that by slowing down the reaction rate would give us a better control of the reaction and also 
formation of the alkoxyborohydride species which may react more favourable with 
1,2-selectivity. An overview of the solvent screen for calcium halides is shown in Figure 6 
(see appendices chapter 13 for tables). It was found that for the 1,2-reduction of enone 151 in 
the presence of calcium fluoride (purple bar) the formation of allylic alcohol 152 was less 
favoured in all of the solvents tested due to its poor solubility. Interestingly, a 45:55 (152:153) 
selectivity was obtained for calcium iodide (green bar) in n-propanol. In other alcoholic 
solvents the selectivity was decreased and in solvents, such as THF and methoxyethanol, 
enone 151 was completely converted to the saturated alcohol 153. Similar selectivities were 
obtained with calcium bromide (red bar) in methanol (45:55, 152:153) and methoxyethanol 
(46:54, 152:153), respectively; however, the best result for the 1,2-selectivity was again 
observed for calcium chloride (blue bar) as additive in pure methanol (48:52, 152:153). 
 
In general, we found that the selectivity and reaction rate were progressively reduced in 
ethanol, iso-propanol, and n-propanol with two exceptions. Reduction of model substrate 151 
occurred slowly in iso-propanol and n-propanol resulting in poor 1,2-selectivity. The poor 
selectivity can be explained by the slower formation of the alkoxyborohydrides species, 
namely iso-propoxyborohydrides NaBH4-n(OiPr)n, allowing the less 1,2-selective borohydride 
species BH4
−
 to react before it is decomposed. 
 
 
Figure 6. Solvent screen with calcium halides 
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An overview of the solvent screen for calcium sulfonates and calcium tetrafluoroborate is 
outlined in Figure 7 (see appendices chapter 13 for tables). In general, methanol and THF 
were found to provide the highest 1,2-selectivity for calcium mesylate (blue bar) and calcium 
tetrafluoroborate (purple bar). In terms of all other solvents that were tested, no formation of 
allylic alcohol 152 was observed. Suprisingly, the best selectivity was obtained in the 
presence of calcium chlorobenzensulfonate 166 (green bar) in n-propanol (47:53, 152:153). 
When iso-propanol and water was used as reaction solvent saturated alcohol 153 was 
exclusively obtained. In the case of calcium tosylate (red bar) which hardly dissolved in most 
of the reaction solvents, reduction of model substrate 151 gave only a poor 1,2-selectivity 
with less than 28:72 (152:153) for all solvents that were tested. 
 
 
Figure 7. Solvent screen with calcium sulfonates 164, 165, and 166, and calcium tetrafluoroborate 170 
 
To our disappointment, we could not increase the selectivity with the use of a different 
solvent. Although there were the promising results for calcium salt 166 and calcium iodide in 
n-propanol, we decided to use calcium chloride as additive and methanol as solvent for 
further screening. 
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6.1.3.2 Temperature screen 
 
Further attempts to optimise selectivity involved carrying out a temperature screen (Table 7). 
A reaction temperature of 40 °C afforded the highest selectivity for allylic alcohol 152 (50:50, 
152:153, entry 1). But due to the low conversion of the starting material which can be 
explained by the faster reaction rate of the sodium borohydride with the methanol at this 
temperature, this did not turn out to be a significant result. We further hoped that by 
decreasing the reaction temperature, the slower reaction rate would favour the selective 
1,2-reduction. Unfortunately, we observed only a 25:75 selectivity (152:153) for a reaction 
temperature of 0 °C (entry 3) and the reduction at -10 °C resulted in almost no conversion of 
enone 151 to the reduction products 152 and 153 (entry 4). 
 
 
Entry Temp. 
Conv. (%)
a
 
151 
Selectivity (%)
b
 
152 153 
1 40 °C 7 50 50 
2 rt 100 48 52 
3 0 °C 78 25 75 
4 -10 °C < 1 0 traces 
a
 Conversion was determined by GC analysis; 
b
 Selectivity was determined by GC analysis. 
 
With no significant improvement in the 1,2-selectivity when carrying out the reduction at 
lower temperatures, we decided to perform further screening experiments at room 
temperature. 
 
 
 
 
Table 7. Temperature screen with enone 151 in the presence of calcium chloride 
O
CaCl2 (1.0 equiv.)
NaBH4 (1.0 eqiuv.)
MeOH, 0.5 M
temp., 15 min
OH OH
151 152 153  
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6.1.3.3 Equivalents of calcium salt 
 
The role of cerium chloride in the mechanism is thought to involve the acceleration of the rate 
of formation of the active borohydride species as well as assisting the H-bonding of the 
methanol to the carbonyl functionality (see chapter 5 for the mechanism). Presumably, 
calcium chloride would play a similar role in the mechanism for the calcium-mediated 
reduction. Consequently, we envisaged that increasing the amounts of calcium chloride could 
positively influence the 1,2-selectivity of the reaction (Table 8). Performing the reduction 
reaction in the presence of one equivalent calcium chloride gave a comparable result 
compared to when two equivalents were added, with no increase in the 1,2-selectivity 
observed (entries 1 and 2). When five equivalents of calcium chloride were used, the 1,2-
selectivity significantly dropped (29:71, 152:153, entry 3) and in the presence of ten 
equivalents of calcium chloride the reaction solvent became a gel-like mixture. This large 
amount of calcium chloride led to heterogeneous distribution of the sodium borohydride 
therefore, only traces of products were observed after 15 minutes; and even after 1.5 hours, 
approximately 50 % of the starting material was still unconsumed (entry 4). 
 
 
Entry Equiv. CaCl2 
Conv. (%)
a
 
151 
Selectivity (%)
b
 
152 153 
1
 
1.0 100 48 52 
2 2.0 94 44 56 
3 5.0 78 29 71 
4
c 
10.0 48 20 80 
a
 Conversion was determined by GC analysis; 
b
 Selectivity was determined by GC analysis; 
c
 Results 
after 1.5 h reaction time. 
 
 
 
Table 8. 1,2-Reduction of enone 151 in the presence of different amounts of calcium chloride 
O CaCl2 (X equiv.)
NaBH4 (1.0 eqiuv.)
MeOH, 0.5 M, rt, 15 min
OH OH
151 152 153  
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6.1.3.4 Concentration of the reaction 
 
Luche and co-workers experimentally found that dilute reaction solutions with methanol as 
solvent resulted in an increased 1,2-selectivity. Under dilute conditions, the equilibrium for 
the formation of ketone-solvent complex 174 formation is favoured (Scheme 56, left side). As 
a result, Ln
3+
-solvent complexation is facilitated which increases the acidity of the medium 
and contributes to higher 1,2-selectivity.
122
  
 
 
We assumed that the effect of a Lewis acid such as calcium, even if weaker than cerium, must 
act in a similar way. As can be seen from Table 9, the reduction was performed at different 
concentrations. Under the conditions employed, we found that our results were in contrast to 
the trend reported by Luche.  
Dilute solutions showed a decrease in the 1,2-selectivity (21:79, 152:153, entries 1 and 2) 
instead of the expected increase. A significant decline in the selectivity was observed for 
concentrations below 0.5 M (28:72, 152:153, entry 3 and 23:77, 152:153, entry 4). In a more 
concentrated reaction medium, however, the 1,2-selectivity was slightly lower (43:57, 
152:153, entry 6) than for the original concentration of 0.5 M (entry 5). Again, we could not 
observe a significant trend or improve the 1,2-selectivity of the reaction. Therefore, further 
screening of reaction parameters was required. 
 
 
 
 
 
R O
R2
R3
R1
HOR Ln3+ R O
R2
R3
R1
Ln3+ ROH
174 175  
Scheme 56. Complexation equilibrium between ketone 174 and 175 in the presence of Ln
3+
 in alcoholic 
solvent under dilute conditions 
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Entry
 
Conc. of rxn 
(mmol/mL) 
Conv. (%)
b
 
151 
Selectivity (%)
c
 
152 153 
1 0.05 49 21 79 
2 0.1 64 21 79 
3 0.2 63 28 72 
4 0.4 100 23 77 
5 0.5 100 48 52 
6 0.8 100 43 57 
a
 Screening conditions: A reaction mixture of 0.8 mmol of 151, 0.8 mmol of calcium salt, and 
0.8 mmol of sodium borohydride in (X)M solution of MeOH was stirred for 15 min at rt; 
b
 Conversion 
was determined by GC analysis; 
c
 Selectivity was determined by GC analysis. 
 
 
6.1.3.5 Effect of mixed solvents 
 
Alkoxyborohydrides are known to be more reactive than BH4
−
 and should be partly 
responsible not only for the high reduction rate but also for the 1,2-selectivity of the 
reduction.
129,130
 We envisaged that the reaction selectivity could be substantially improved by 
addition of defined amounts of methanol in order to better control the formation of 
alkoxyborohydride species which would react in favour for the 1,2-selectivity. The effect of 
the concentration of methanol within a mixed solvent system on the selectivity of the reaction 
was therefore examined. THF was chosen as the additional reaction medium due to its 
coordinating ability which prevents formation of oligomeric calcium species as well as its 
inert reactivity with the sodium borohydride. It also proved to be a suitable solvent where the 
majority of the calcium salts were still soluble enough, providing an acceptable 30:70 to 
40:60 selectivity (152:153, see Figure 6 and Figure 7). 
 
As can be seen from Table 10, the addition of two equivalents of methanol afforded a 
1,2-selectivity of 40:60 (152:153, entry 1). However, when five or ten equivalents of 
Table 9. 1,2-Reduction of enone 151 in various reaction concentrations
a
 
O CaCl2 (1.0 equiv.)
NaBH4 (1.0 eqiuv.)
MeOH, X M, rt, 15 min
OH OH
151 152 153  
Chapter III: Results and discussion 
55 
 
methanol were added to the reaction mixture the 1,2-selectivity was decreased to 20:80 
(152:153, entries 2 and 3). Interestingly, the selectivity of allylic alcohol 152 was again 
increased when 25 equivalents of methanol were added providing a 48:52 1,2-selectivity 
(152:153, entry 4). This result was in analogy with the selectivity obtained for the reaction 
performed in pure methanol. 
 
 
Entry Equiv. of MeOH 
Conv. (%)
a
 
151 
Selectivity (%)
b
 
152 153 
1 2.0 100 40 60 
2 5.0 44 20 80 
3 10 75 22 78 
4 25 100 48 52 
a
 Conversion was determined by GC analysis; 
b
 Selectivity was determined by GC analysis. 
 
 
6.1.3.6 Reverse addition of sodium borohydride and enone 151 
 
With no significant trend observed when using mixed solvent systems of THF and methanol 
as reaction medium, we felt that a reverse addition protocol, that is addition of the starting 
material to a suspension of sodium borohydride and calcium chloride in THF, could improve 
the desired 1,2-selectivity. Portionwise addition of enone 151 was also thought to increase the 
1,2-selectivity.  
As can be seen from Table 11 in the case of a portionwise addition of a methanolic solution 
of enone 151 compared to when one portion of the enone was added, similar selectivities of 
33:67 (152:153, entry 1) and 32:68 (152:153, entry 1) were obtained but no increase in the 
1,2-selectivity was observed. 
 
 
Table 10. Addition of different amounts of methanol  
O 1. CaCl2 (1.0 equiv.),
MeOH (X equiv.)
2. NaBH4 (1.0 eqiuv.)
THF, rt, 15 min
OH OH
151 152 153  
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Entry
 
Addition of 151 
Conv. (%)
a
 
151 
Selectivity (%)
b
 
152 153 
1 one portion 71 33 67 
2 portionwise 82 32 68 
a
 Conversion was determined by GC analysis; 
b
 Selectivity was determined by GC analysis. 
 
In addition, we also sought to perform the reduction reaction by adding portionwise a 
methanolic enone 151-calcium chloride solution to sodium borohydride in THF (Table 12). 
After the addition of each portion (0.25 equivalents of enone 151), the reaction was stirred for 
three minutes before a sample was removed and analysed by GC. We found that upon 
addition of the first portion, the saturated alcohol was almost exclusively formed (2:98, 
152:153, entry 1). However, the second addition led to an increase of the 1,2-selectivity 
(48:52, 152:153, entry 2). To our delight, when the third portion was added to the reaction 
mixture under more dilute reaction conditions, the 1,2-selectivity could be improved to 66:34 
(152:153, entry 3). Unfortunately, the fourth addition did not provide a further increase of the 
1,2-selectivity (64:36, 152:153, entry 4). 
 
 
Entry 
Conc. of rxn 
(mmol/mL) 
Time (min) 
Equiv. 151 
per portion 
THF:MeOH 
Selectivity (%)
b
 
152 153 
1 0.57 3 0.25 6:1 2 98 
2 0.50 6 0.25 3:1 48 52 
3 0.44 9 0.25 2:1 66 34 
4 0.40 12 0.25 1.5:1 64 36 
a
 Conversion was determined by GC analysis; 
b
 Selectivity was determined by GC analysis. 
Table 11. Reverse addition of sodium borohydride and enone 151 
rt, 15 min
OH OH
152 153
1) CaCl2, THF
2) then 151, MeOH
NaBH4
 
Table 12. Portionwise addition of enone 151 to sodium borohydride 
rt, 15 min
OH OH
152 153
NaBH4 in THF
151, CaCl2, MeOH
(portionwise)
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In light of the exciting results we repeated the experiments under even more dilute conditions 
(Table 13), hoping to further improve the selectivity for allylic alcohol 152. Indeed, we found 
that the first addition of 0.25 equivalents of a methanolic enone 151-calcium chloride solution 
provided a 80:20 selectivity (152:153, entry 1). Unfortunately, further additions of enone 151 
solution could not improve the new found selectivity (entries 2, 3, and 4). 
 
Table 13. Portionwise addition of enone 151 to sodium borohydride under more dilute conditions 
Entry 
Conc. of rxn 
(mmol/mL) 
Time (min) 
Equiv. 151 
per portion 
THF:MeOH 
Selectivity (%)
a
 
152 153 
1 0.29 3 0.25 6:1 80 20 
2 0.25 6 0.25 3:1 73 27 
3 0.22 9 0.25 2:1 71 29 
4 0.20 12 0.25 1.5:1 71 29 
a
 Selectivity was determined by GC analysis. 
 
 
6.1.4 Optimisation of new reaction conditions 
 
Encouraged by these results obtained with calcium chloride in a solvent mixture with an 
overall 6:1 ratio of THF:MeOH (Table 13, entry 1), we carried out further investigations with 
calcium chloride as additive in order to optimise the reaction conditions. As can be seen from 
Table 14, a variety of metal borohydrides in different solvent systems were tested. The 
THF:MeOH system showed the highest selectivities. Sodium borohydride in THF:MeOH 
(6:1) provided a slightly better selectivity (76:24, 152:153, entry 1) compared to calcium 
borohydride (73:27, 152:153, entry 5). Analogous results were obtained when potassium 
borohydride (76:24, 152:153, entry 5) was used; however, the use of sodium trimethoxy-
borohydride gave a very poor 1,2-selectivity (6:94, 152:153, entry 9). Sodium borohydride 
and a 6:1 mixture of 1,4-dioxane and methanol were found to further improve the selectivity 
to 79:21 (152:153, entry 4), however, an overall ratio of THF:MeOH of 12:1 gave the 
optimum selectivity (87:13, 152:153, entry 2). 
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Entry
 
MBH4 Solvent 1 Solvent 2 
Conv. (%)
b
  
151 
Selectivity (%)
c 
152 153 
1 NaBH4 THF MeOH 100 76 24 
2
d 
NaBH4 THF MeOH 100 87 13 
3 NaBH4 diglyme MeOH 100 63 27 
4 NaBH4 1,4-dioxane MeOH 100 79 21 
5 Ca(BH4)2 THF MeOH 92 73 27 
6 Ca(BH4)2 THF H2O 100 55 45 
7 Ca(BH4)2 1,4-dioxane MeOH 70 71 29 
8 KBH4 THF MeOH 100 76 24 
9 NaBH(OMe)3 THF MeOH 100 6 94 
a
 Screening conditions: A solution of 0.8 mmol of 151 and 0.8 mmol of calcium chloride dissolved in 
solvent 2 (0.8 mL) was added to a suspension of 3.2 mmol MBH4 in solvent1 (4.8 mL) at rt and stirred 
for 30 min; 
b
 Conversion was determined by GC analysis; 
c
 Selectivity was determined by GC 
analysis; 
d
 Ratio THF:MeOH was 12:1. 
 
With optimised reaction conditions in hand, a new calcium salt screen was performed to 
investigate the influence of various counterions on the selectivity of the reduction. The results 
for the reduction are outlined in Table 15 using the same conditions as shown in Table 14, 
entry 2. In general, we found that calcium salts, bearing sulfonate counterions, such as 
calcium triflate and calcium sulfonates 167 and 168, exhibited an increased 1,2-selectivity 
(92:8, 152:153, entries 8, 9, and 15). Calcium salts with poor solubility in methanol, such as 
calcium methoxide, calcium iso-propoxide, and calcium phenolate 173 showed less selectivity 
for the desired product (entries 7, 13, and 14).  
  
Table 14. Optimisation of the newly found reaction conditions by screening various borohydrides and 
solvent systems
a 
O
rt, 30 min
OH OH
151 152 153
1. borohydride, solvent 1
2. 151, CaCl2, solvent 2
solvent 1:solvent 2 (6:1)  
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Entry Calcium salt 
Selectivity (%)
a 
152 153 
1 CaF2 1 99 
2 CaCl2 87 13 
3 CaBr2·hydrate 79 21 
4 CaI2·hydrate 36 64 
5 Ca(BF4)2 29 71 
6 Ca(OCl4)2·hydrate 91 9 
7 Ca(OMe)2 18 82 
8 Ca(OTf)2 92 8 
9 Ca(SO3C4F9)2 92 8 
10 Ca(OTs)2 48 52 
11 Ca(OPhCl)2 73 27 
12 Ca(OMs)2 21 79 
13 Ca(OiPr)2 21 79 
14 Ca(OPhOMe)2 17 83 
15 Ca(SO3C8F17)2 92 8 
16 Ca(NTf2)2 87 13 
17 Ca(NTf2)2 + NBu4PF6
 
91 9 
a
 Selectivity was determined by GC analysis. 
 
Interestingly, a high selectivity was also obtained in the presence of triflimide 171 (87:13, 
152:153, entry 16) which was further increased to 91:9 (152:153, entry 17) by a 
stoichiometric addition of NBu4PF6. This was in contrast to the result obtained with triflimide 
171 as additive in pure methanol (see Table 5). 
 
In light of the exciting results obtained with calcium triflate, a commercially available 
calcium salt, we further investigated the ratios of THF and methanol used in the reaction 
(Table 16). While the selectivity was better in pure methanol (56:44, 152:153, entry 1) than in 
Table 15. Calcium salt screen under optimised conditions 
O
THF:MeOH (12:1), rt, 30 min
OH OH
151 152 153
1. NaBH4 (4.0 equiv.), THF
2. 151, Ca(OTf)2 (1.0 equiv.), MeOH
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pure THF (23:77, 152:153, entry 7), it was found that the 1,2-selectivity was increased by a 
higher ratio of the THF:MeOH ratio where our original conditions (THF:MeOH, 12:1, entry 
5) proved to be the optimum.  
 
Table 16. Optimisation of the reaction conditions with calcium triflate as additive - Variation of the 
THF:MeOH ratio
a 
 
Entry THF (%) MeOH (%)
 
Ratio THF:MeOH 
Selectivity (%)
b
 
152 153 
1 0 100 0:1 56 44 
2 50 50 1:1 46 54 
3 67 33 2:1 59 41 
4 86 14 6:1 76 24 
5 92 8 12:1 92 8 
6 95 5 18:1 85 15 
7 100 0 1:0 23 77 
a 
Reaction conditions: 151 (0.40 mmol) and calcium triflate (0.40 mmol) in MeOH were added to 
NaBH4 (1.6 mmol) in THF (9.6 mL) and stirred for 15 min at rt; 
b
 Selectivity was determined by GC 
analysis. 
 
The results which were obtained for the 1,2-reduction of enone 151 with sodium borohydride 
in the presence of different equivalents of calcium triflate are outlined in Table 17. Although 
previous studies showed that in the absence of a Lewis acid enone 151 was fully reduced to 
saturated alcohol 153; however, when solely sodium borohydride was used in THF:MeOH 
(12:1) in the absence of calcium triflate, a 13:87 selectivity was observed (152:153, entry 1). 
0
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The 1,2-selectivity increased with the amount of calcium triflate that was used. A 
stoichiometric amount of calcium triflate which provided the highest selectivity (92:8, 
152:153, entry 5) was slightly better than 0.75 and 1.25 equivalents of calcium triflate (87:13, 
152:153, entries 3 and 6, respectively). Nevertheless, our original conditions proved again to 
be optimum. 
 
Table 17. Optimisation of the reaction conditions with calcium triflate as additive - Addition of 
different amounts of calcium triflate
a 
 
Entry Equiv. of Ca(OTf)2
 
Selectivity (%)
b
 
152 153 
1 0.0 13 87 
2 0.1 17 83 
3 0.5 59 41 
4 0.75 87 13 
5 1.0 92 8 
6 1.25 87 13 
a 
Reaction conditions: 2-cyclopentenone (0.20 mmol) and calcium triflate in MeOH (0.20 mL) were 
added to NaBH4 (0.80 mmol) in THF (2.4 mL) and stirred for 15 min at rt; 
b
 Selectivity was 
determined by GC analysis. 
 
Furthermore, optimisation included investigating the addition of different equivalents of 
sodium borohydride. The results are outlined in Table 18. In general it was observed that the 
1,2-selectivity increased with the amounts of sodium borohydride used. The optimum result 
0
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was obtained with four equivalents of sodium borohydride (entry 6), also a parameter of our 
original conditions. 
 
Table 18. Optimisation of the reaction conditions with calcium triflate as additive - Addition of 
different amount of sodium borohydride
a 
 
Entry Equiv. of NaBH4
 
Selectivity (%)
b
 
152 153 
1 0.25 4 96 
2 0.50 27 73 
3 0.75 59 41 
4 1.0 72 28 
5 2.0 81 19 
6 4.0 92 8 
a 
Reaction conditions: 2-cyclopentenone (0.20 mmol) and calcium triflate in MeOH (0.20 mL) were 
added to NaBH4 (0.80 mmol) in THF (2.4 mL) and stirred for 15 min at rt; 
b
 Selectivity was 
determined by GC analysis. 
 
With the optimised conditions in hand, we then were keen to apply our newly developed 
reaction conditions to a variety of substrates in order to determine the substrate scope. The 
final optimised conditions involved adding a methanolic solution of the starting material and 
one equivalent of calcium triflate to a suspension of four equivalents of sodium borohydride 
in THF to give an overall solvent ratio of THF:MeOH of 12:1. 
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6.1.5 Synthesis of α,β-unsaturated ketones 
 
Our newly developed conditions for the 1,2-reduction were surveyed for a broad range of 
substrates, varying the substituents at the carbonyl and/or the α- and β-position of the double 
bond (Scheme 57). 
 
While many α,β-unsaturated ketones are commercially available, a variety of 6-membered 
cyclic enones, aliphatic enones, and chalcone derivatives were synthesised. Cyclohexen-2-one 
with methyl substituents at the 3- and 5-position can be purchased from Sigma Aldrich. We 
were also interested in the 4-methyl substituted cyclohexen-2-one as a potential substrate for 
the 1,2-reduction. According to the literature procedure,
131
 cyclic enone 181 was prepared 
from β-ketoester 179 and aldehyde 180 via a Michael/Aldol reaction followed by elimination 
of an equivalent of water. The desired product 181 was isolated in 40 % yield (lit.: 52 % 
yield) (Scheme 58). 
 
 
The selective 1,2-reduction of α,β-unsaturated ketones bearing aliphatic and/or aromatic 
substituents was also of interest. Therefore, enones 183 and 184 were synthesised following a 
literature procedure
132
 (Scheme 59). While enone 183 was obtained in a moderate yield 
(55 %, lit.: 88 % yield), enone 184 was only isolated in 24 % yield (lit.: 61 % yield). As the 
isolated amount of product was enough to use for the subsequent 1,2-reduction experiments 
the reaction was not repeated in order to improve the yield of enone 184. 
 
R R3
OH
R1
R21. Ca(OTf)2, MeOH
2. NaBH4, THF
THF:MeOH (12:1), rtR R
3
O
R1
R2
R R3
OH
R1
R2
1,2:1,4-selectivity ?
176 177 178  
Scheme 57. General scheme for the reduction of various enones under our newly developed conditions 
OEt
O O
O
KOtBu cat.
t-BuOH, 20 h,
0 °C to reflux
O
40 %179 181180  
Scheme 58. Synthesis of enone 181 
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Furthermore, methylation of the free OH-functionality of commercially available testosterone 
185 with sodium hydride and methyl iodide afforded enone 186 (Scheme 60). The methylated 
product was isolated in quantitative yield. 
 
 
Chalcones are a well-known class of α,β-unsaturated ketones. It has been shown that chalcone 
substrates possess an interesting biological and pharmacological inhibitory activity.
133
 We felt 
that chalcone derivatives with substituents containing heteroatoms such as oxygen, nitrogen, 
and sulphur would be of interest. Following standard protocol,
134
 a variety of different 
chalcone substrates were prepared by an aldol condensation between aldehyde 187 and ketone 
188 in water or ethanol and in the presence of sodium hydroxide as the catalyst (Table 19). 
Chalcones with a methyl substituent at the carbonyl position and a heteroaromatic substituent 
at the β-position of the double bond, such as 3-furanoyl 189a, 2-pyrrolyl 189b, N-methyl-2-
pyrrolyl 189h, and 3-thiophenyl 189e, were obtained in moderate to good yields (43 to 79 %, 
entries 1, 2, 5, and 8). Replacement of the methyl substituent with cyclopropanyl and phenyl 
at the carbonyl position afforded chalcone 189c in 49 % yield (entry 3) and replacement of the 
cyclopropanyl group with 3-thiophenyl or tert-butyl substituents afforded chalcones 189f and 
189g in also good yields (68 % and 75 %, entries 6 and 7). 
 
O
Cl
1. AlCl3
-50 °C, 45 min
2. Al(C8H17)3
-30 °C to rt, 2 h
AlCl3, C6H6
rt, 0.25 h
55 %
24 %
O
O
7
182
183
184  
Scheme 59. Synthesis of enones 183 and 184 
OH
O
O
O
quant.
1. MeI (50 equiv.)
2. NaH (1.5 equiv.)
DMF, 0 °C to rt, 5 h
185 186  
Scheme 60. Synthesis of testosterone derivative 186 
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Entry R
 
R
1 
Enone Yield (%)
a 
1 
O  
Me 189a 43 
2 
NH  
Me 189b 64 
3 Ph 
 
189c 49 
4 
 
Me 189d 65 
5 
S  
Me 189e 60 
6
b 
Ph 
S  
189f 68 
7
b 
Ph t-Bu 189g 75 
8 
N
 
Me 189h 79 
9 
Me2N  
Me 189i 44 
a
 Isolated yield after column chromatography; 
b
 EtOH was used as solvent. 
 
 
6.1.6 Calcium-mediated 1,2-reduction of α,β-unsaturated ketones 
 
Employing the newly developed conditions, several reactions with different commercially 
available and synthesised α,β-unsaturated ketones were performed, in order to compare our 
chemistry to both the Luche protocol and also to the selectivity obtained when solely using 
sodium borohydride in the absence of an additive. Our studies began with the examination of 
the substrate scope of five- and seven-membered enones (Table 20). The sodium borohydride 
reduction of β-methyl-substituted 2-cyclopentenone 190a showed moderate selectivity for the 
Table 19. Synthesis of chalcone substrates via an Aldol condensation reaction 
R
O O
R1 R
O
R1
187a-g 188a-d 189a-i
H2O, 0 °C to rt, 12 h
10 % NaOH
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1,2-reduction product 191a; however, in the presence of calcium triflate almost complete 
selectivity was obtained, affording the desired product in a 78 % yield (entry 2). 
 
 
Entry Enone 
Selectivity 1,2:1,4 (%)
a 
Allylic 
alcohol 
Yield (%)
d 
Ca(OTf)2
 CeCl3·7H2O
b 
no LA
c 
1 
O
151
 
92:8 97:3 0:100 152 75 
2 190a
O
 
99:1 99:1 42:58
 
191a 78 
3 
190b
O
 
98:2 99:1 67:33
e 
191b 69 
4 
190c
O
 
87:13 89:11 80:20 191c 77 
a
 Selectivity was determined by GC/MS analysis; 
b
 Classic Luche conditions; 
c
 Luche conditions 
without a Lewis acid; 
d
 Isolated yield after column chromatography; 
e
 Published result
123
. 
 
Furthermore, reduction of α,β-unsaturated ketone 190b with substituents at the α- and 
β-positions using calcium triflate as additive also provided allylic alcohol 191b in excellent 
selectivity and good yield (69 %, 98:2; 1,2:1,4; entry 3) These values are comparable with the 
selectivity obtained in the presence of cerium chloride (99:1, entry 3). A decrease in the  
1,2-selectivity was observed for the calcium-mediated reduction of 2-cycloheptenone (87:13, 
entry 4). Allylic alcohol 191c was isolated in good yield (77 %, entry 4); however, similar 
selectivity was observed when cerium chloride was used as Lewis acid (89:11, entry 4). 
Notably, we found that in all cases of the five- and seven-membered cyclic substrates, the 
calcium-mediated reduction was comparable to the Luche conditions and significantly 
Table 20. Scope of reaction conditions for 5- and 7-membered cyclic enones 
1. Ca(OTf)2, MeOH
2. NaBH4, THF
THF:MeOH (12:1)
rt, 30 minn
n = 0, 2
O
n
OH
n
OH
R
R1
R
R1
R
R1
151, 190a-c 152, 191a-c 153, 192a-c
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improved the 1,2-selectivity compared to the sodium borohydride reduction in the absence of 
an additive. 
 
High selectivities were also observed for six-membered cyclic α,β-unsaturated ketones 181 
and 193a-f (Table 21). In general, we found that the 1,2-selectivity was slightly better than 
for five- and seven-membered cyclic enones. This can be explained by the favoured chair 
conformation state of a 6-membered cyclic ring compared to the quite rigid structures of five- 
and seven-membered cyclic rings. Throughout the sodium borohydride reduction in the 
presence of calcium triflate, the desired allylic alcohols were almost exclusively obtained 
(entries 1 and 7), in some cases the reduction gave complete 1,2-selectivity (entries 2-6) and 
the 1,2-selectivity of the calcium-mediated reduction was again comparable to the selectivity 
obtained under Luche conditions. Interestingly, it was found that enones 193b and 193d with 
methyl substituents a β-position (entries 2 and 4) and 4-dimethyl-substituted cyclohexen-2-
one 193c (entry 3) provided the 1,2-reduction product 194b-d in high selectivity even with 
the sole use of sodium borohydride and in the absence of a Lewis acid. Due to the steric 
hindrance of the methyl group at the β-position, the 1,4-attack of the hydride species is 
blocked and consequently increased the 1,2-selectivity. 
It is also described in literature
135
 that when the reducing reagents are “harder”, axial attack of 
the 6-membered cyclic substrates was favoured. Indeed, it was observed that most enone 
reductions performed in the presence of calcium triflate gave higher preference of the 
equatorial allylic alcohol (25:75 to 5:95, entries 3, 5, and 6). While the 1,2-selectivity for all 
6-membered cyclic substrates was uniformly high and the desired 1,2-reduction products were 
isolated in good to excellent yields (58 to 96 %, entries 1-6). Despite the excellent selectivity, 
enone 193f only gave moderate yield (52 %, entry 7). It is notable that the ester functionality 
of allylic alcohol 194g was partially observed in its enol form, presumably increasing its 
solubility during the aqueous work up procedure. 
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Entry Enone 
Selectivity 1,2:1,4 (%)
a
 
Allylic 
alcohol 
Yield (%)
e 
Ca(OTf)2 
(cis:trans)
b 
CeCl3·7H2O
c 
no LA
d 
1 
193a
O
 
99:1 99:1 50:50
 
194a 96 
2 
193b
O
 
100:0 100:0 90:10
 
194b 79 
3 
193c
O
 
100:0 
(5:95) 
99:1 99:1 194c 74 
4 
193d
O
 
100:0 99:1 99:1 194d 63 
5 181
O
 
100:0 
(25:75) 
100:0 70:30
f 
194e 72 
6 193e
tBu
O
 
100:0 
(8:92) 
100:0 90:10 194f 58 
7 193f
O
CO2Et  
99:1 99:1 70:30
g 
194g 52 
a
 Selectivity was determined by GC/MS analysis; 
b
 cis/trans ratio was determined by 
1
H NMR analysis 
of the crude reaction mixture; 
c
 Classic Luche conditions; 
d
 Luche conditions without a Lewis acid;  
e
 Isolated yield after column chromatography; 
f
 Published results
123
; 
g
 Published results
122
. 
 
Table 21. Scope of reaction conditions for 6-membered cyclic enones 
1. Ca(OTf)2, MeOH
2. NaBH4, THF
THF:MeOH (12:1)
rt, 30 min
O OH OH
R R R
R1 R1 R1
R2R2 R2
181, 193a-f 194a-g 195a-g  
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Screening of aliphatic α,β-unsaturated ketones under the same reaction conditions is outlined 
in Table 22. Pleasingly, the 1,2-reduction for open chain substituted enones 196a and 183 
proceeded in excellent 1,2-selectivity and 61 % and 71 % yields, respectively (entries 1 
and 2). In a similar manner, enone 196d, containing a cyclohexyl substituent at the β-position 
of the olefin, could also be reduced, exclusively affording allylic alcohol 197e in good yield 
(84 %, entry 5). 
 
 
Entry Enone 
Selectivity 1,2:1,4 (%)
a
 Allylic 
alcohol 
Yield (%)
d 
Ca(OTf)2
 CeCl3·7H2O
b 
no LA
c 
1 
196a
O
 
99:1 100:0 94:6 197a 61 
2 
183
O
7  
99:1 99:1 95:5
e 
197b 71 
3 
196b
O
 
100:0 100:0 93:7 197c 50 
4 
196c
O
 
99:1 87:13 99:1 197d 93 
5 
196d
O
 
100:0 - - 197e 84 
a
 Selectivity was determined by GC/MS analysis of the crude reaction mixture; 
b
 Classic Luche 
conditions; 
c
 Luche conditions without a Lewis acid; 
d
 Isolated yield after column chromatography;  
e
 Published results
123
. 
 
Cyclohexenyl substituted ketones 196b and 196c showed very good compatibility under our 
reaction conditions affording the desired reduction products 197c and 197d in excellent 
selectivity and moderate to very good yields (entries 3 and 4). It is also noteworthy that in the 
case of the calcium-mediated reduction of enone 196c, a higher selectivity for desired product 
Table 22. Scope of reaction conditions for open chain α,β-unsaturated ketones and enones with aliphatic 
substituents 
enone
183, 196a-d
1. Ca(OTf)2, MeOH
2. NaBH4, THF
THF:MeOH (12:1)
rt, 30 min
allylic alcohol
197a-e
saturated alcohol
198a-e
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197d was obtained compared to the reduction with stoichiometric use of sodium borohydride 
and cerium chloride in methanol (entry 4). 
 
As shown in previous tables, cyclic α,β-unsaturated ketones proved to be very good substrates 
for the calcium-mediated 1,2-reduction. More challenging compounds are naturally occurring 
enones that can lead to a mixture of two possible diastereomers upon reduction. We hoped 
that under our developed conditions, the natural enones would be reduced with high 
diastereoselectivity. A selection of different natural enones is shown in Table 23. All 
substrates subjected to our reduction protocol led to significant improvements in the 
selectivity compared to the reduction with the sole use of sodium borohydride and in the 
absence of a Lewis acid. The majority of substrates were also isolated in high 
diastereoselectivities and moderate to good yields. Importantly, our conditions again were 
comparable to the Luche conditions. 
 
 
Entry Enone 
Selectivity 1,2:1,4 (%)
a
 
Allylic 
alcohol 
Yield (%)
e 
Ca(OTf)2 
(dr)
b 
CeCl3·7H2O
c 
no LA
d 
1 
199a
O
 
100:0 
(52:48) 
99:1 
(65:35)
e 
64:26
f
 200a 26
g 
2 199b
O
 
97:3 
(97:3) 
97:3 
(100:0)
f 
80:20 200b 98 
3 199c
O
 
99:1 
(100:0) 
99:1 
(97:3)
f 
69:31
f 
200c 82 
4 
O
199d
 
100:0 
(100:0) 
100:0 88:12 200d 72 
Table 23. Scope of reaction conditions for natural enones 
enone
185, 186, 199a-f
1. Ca(OTf)2, MeOH
2. NaBH4, THF
THF:MeOH (12:1)
rt, 30 min
allylic alcohol
200a-g
saturated alcohol
201a-g
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5 
O
199e
 
99:1 
(91:9) 
99:1 87:13 200e 52 
6 
O
OH
185
H
HH
 
99:1 
(97:3) 
99:1 
(99:1)
f 
90:10 200f 86 
7 
O
O
186
H
HH
 
99:1 
(92:8) 
99:1 93:7 200g 89 
a
 Selectivity was determined by GC/MS analysis of the crude reaction mixture; 
b
 dr was determined by 
1
H NMR analysis of the crude reaction mixture; 
c
 Classic Luche conditions; 
d
 Luche conditions 
without a Lewis acid; 
e
 Isolated yield after column chromatography; 
f
 Published results
122
; 
g
 Yield for 
trans-piperitol. 
 
Despite the excellent selectivity, reduction of (R)-(-)-piperitone 199a only afforded a 52:48 
diastereoselective mixture of product 200a providing trans-piperitol in 26 % isolated yield 
(entry 1). As described in literature by Luche and co-workers,
122
 reduction of piperitone 199a 
with sodium borohydride in the presence of cerium chloride afforded allylic alcohol 200a in 
65:35 dr (cis:trans).
136
 A modification of the conformational equilibrium of piperitone by the 
Lewis acid (Ce > Ca) and the increased steric crowding of the reagent can both be invoked to 
explain the reversal of stereoselectivity which was also observed for the calcium-mediated 
reduction of natural enones. 
(S)-(+)-Carvone 199b was also tested as a substrate for the reduction under our conditions. It 
was found that the selectivity (80:20; 1,2:1,4; entry 2) obtained in the absence of an additive 
was increased to 97:3 (1,2:1,4) and the desired alcohol 200b was isolated as a 97:3 
diastereomeric mixture and in excellent yield (98 %, entry 2). The same selectivity was 
obtained for the reduction of enone 199b under Luche conditions. However, reduction of 
carvone 199b with cerium chloride gave allylic alcohol 200b in a better stereoselectivity 
(100:0 dr, entry 2). Furthermore, sodium borohydride reduction of (R)-(+)-pulegone 199c in 
the presence of calcium triflate also gave allylic alcohol 200c with excellent selectivity (99:1; 
1,2:1,4) as a single diastereomer in very good yield (82 %, entry 3). It is noteworthy that in 
this particular case, the stereoselectivity was better than in the presence of cerium chloride 
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(97:3 dr, entry 3). The sodium borohydride reduction of norbornanone substrate 199d, 
possessing a terminal olefin bond, without an additive showed good selectivity (88:12, 
1,2:1,4, entry 4); however in the presence of calcium triflate we obtained exclusively allylic 
alcohol 200d as a single diastereomer (entry 4). For the reduction of (S)-(-)-verbenone 199e 
we obtained a good selectivity when solely using sodium borohydride without use of an 
additive (87:13; 1,2:1,4, entry 5). Nevertheless, under our conditions the selectivity was 
increased to 99:1 (1,2:1,4) affording allylic alcohol 200e with a 91:9 stereoselectivity in a 
moderate 52 % yield (entry 5). 
The reduction of testosterone was also of interest in order to investigate the selectivity transfer 
for larger molecules during the calcium-mediated reduction process. Pleasingly, we observed 
almost complete selectivity for allylic alcohol 200f (99:1; 1,2:1,4) with a very high 
diastereoselectivity (97:3, entry 6). Reduction of methoxy testosterone 186 in the presence of 
calcium triflate provided allylic alcohol 200g with the same 1,2-selectivtiy and in similar 
yield (99:1, 89 %) compared to the reduction of enone 185, but showed a slight decrease in 
the stereoselectivity (92:8, entry 7). 
 
Furthermore, calcium-mediated reduction of chalcone substrates was also of interest. The 
results for the 1,2-reduction of such enones are outlined in Table 24. In general, it was found 
that calcium-mediated reduction of most of the chalcone substrates exclusively gave the 
desired allylic alcohol. However, reduction of enone 184 proceeded only with a 74:26 
selectivity affording allylic alcohol 203a in good yield (76 %, entry 1). Interestingly, by 
switching the positions of the phenyl and the methyl groups, the 1,2-selectivty was found to 
exclusively provide allylic alcohol 203d in very high 99 % yield (entry 4). While the 
selectivity was uniformly high for chalcones 65 and 200a, their corresponding allylic alcohols 
203b and 203c were only isolated in moderate yield (44 and 39 %, respectively, entries 2 
and 3). It was found that this was due to a competing elimination reaction of the resultant 
allylic alcohol. The elimination product was identified by 
1
H NMR and GC/MS analysis as 
the chloro-substituted chalcone at the hydroxyl position. This replacement presumably 
occurred during the usual aqueous work-up procedure. Increasing the steric hindrance at the 
carbonyl position by replacing the methyl substituent with a tert-butyl 189g or a 
cyclopropanyl group 189c had no effect on the selectivity under the employed reaction 
conditions. Both, allylic alcohols 203e and 203f showed complete 1,2-selectivity in good to 
excellent yields (94 and 77 %, respectively, entries 5 and 6). 
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Entry Enone
a 
R R
1 
Selectivity 
1,2:1,4 (%)
b 
Allylic 
alcohol 
Yield 
(%)
c 
1 184 Ph Me 74:26 203a 76 
2 65 Ph Ph 99:1 203b 44 
3 202a 
Cl  Cl  
99:1 203c 39 
4 202b Me Ph 100:0 203d 99 
5 189g t-Bu Ph 100:0 203e 94 
6 189c 
 
Ph 100:0 203f 77 
7 202c Me 
O
O  
100:0 203g 64 
8 189b Me 
NH  
100:0 203h -
d 
9 189i Me 
Me2N  
99:1 203i 52 
10 189h Me 
N
 
100:0 203j 45 
11 189a Me 
O  
100:0 203k -
d 
12 189e Me 
S  
100:0 203l 67 
13 189f Ph 
S  
82:18 203m 76 
a
 In the case that chalcone substrates were insoluble in methanol as small amount of THF was added; 
b
 Selectivity was determined by GC/MS and 
1
H NMR analysis of the crude reaction mixture; 
c
 Isolated 
yield after column chromatography; 
d
 It was not possible to isolate the product. 
 
Table 24. Scope of reaction conditions for chalcones 
1. Ca(OTf)2, MeOH
2. NaBH4, THF
THF:MeOH (12:1)
rt, 30 min
R R1
O
R R1
OH
203a-m
R R1
OH
204a-menone
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Moreover, we were also interested in chalcone substrates bearing substituents with 
heteroatoms in order to investigate whether such functional groups have an effect on the 
selectivity. The first substrate tested was enone 189b bearing a 2-pyrrolyl substituent at the 
β-position of the double bond and a methyl group at the carbonyl position. Interestingly, we 
obtained allylic alcohol 203h in complete selectivity; however the crude reaction mixture 
turned dark green upon the aqueous work-up indicating that presumably complexation of the 
Ca
2+
 with allylic alcohol 203h occurred. Unfortunately, after column chromatography on 
silica gel it was not possible to isolate product 203h or any other compound (entry 8). We 
thought that substitution of the free nitrogen of the pyrrole ring would give us the desired 
product in better yield. Indeed, we found that enone 189h with an N-methyl substituted 
pyrrole group at the β-position of the olefin gave us exclusively the desired allylic alcohol 
203j which was isolated in moderate yield (45 %, entry 10). The selectivity for 3-furanyl 
substituted enone 189a at the carbonyl position was also excellent (100:0 1,2:1,4, entry 11); 
however, similar problems occurred with this substrate and again no product could be isolated 
after purification on column chromatography of the crude reaction mixture. On the contrary, 
3-thiophenyl substituted chalcones at the β-position of the olefin worked well. The selectivity 
for methyl substituted substrate at the carbonyl position 189e was better (100:0, 1,2:1,4, entry 
12) than that for the phenyl substituted enone 189f (88:12, 1,2:1,4, entry 13). Their 
corresponding allylic alcohols 203l and 203m were obtained in 67 % and 76 % yields, 
respectively. 
In general, our method showed a broad applicability to a large range of chalcone substrates. 
We obtained almost complete 1,2-selectivity for the majority of the substrates. However, 
further investigations need to be carried out for the 1,2-reduction of chalcone substrates such 
as 189b and 189a. 
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7 Calcium-mediated stereoselective reduction of ketones  
 
Delighted by the broad applicability of our method we were keen to expand its potential 
applications outside 1,2-reduction chemistry. Asymmetric synthesis of chiral 
α,β-functionalised alcohols plays an important role in organic and bioorganic chemistry. Such 
methodologies are very important strategies and can be applied to many naturally occurring 
products and synthetic building blocks.
137
 
 
In 1972, Chautemps et al. reported that the stereoselectivity of sodium borohydride-mediated 
reduction of α,β-epoxy ketones was strongly substrate-dependent.138,139 It was found that any 
bulky substituent at the α-position dramatically reduced the selectivity of the reduction. This 
problem was solved by Oishi and co-workers by carrying out the reduction with zinc 
borohydride.
140
 Prior to this, the same group reported that zinc borohydride reduced 
β-ketoesters almost exclusively to the trans-β-hydroxyl ester. It was assumed that the high 
stereoselectivity resulted from a cyclic transition state in which both of the carbonyl oxygens 
were coordinated to a zinc cation (Scheme 61a).
140
 This chelation model was also expected to 
be valid for the reduction of α,β-epoxy ketones, since both oxygens were primed to form a 
zinc-mediated transition state (Scheme 61b). Moreover, the trans-selectivity was obtained 
regardless of the substituents on the epoxide ring. 
 
 
In 1995, Utimoto and co-workers reported the stereoselective reduction of α,β-epoxy ketone 
207 with sodium borohydride in the presence of various metal chlorides, including calcium 
chloride, manganese chloride, and lanthanum chloride, all of which were all readily soluble in 
O
Ar
H
205
Zn2+
Me
O
OMe
H-
O
R3
O
R
R1
H
B
H
HH
R2
206
Zn2+
H
B
H
HH
a) b)
 
Scheme 61. Proposed transition states for the zinc borohydride reduction of a) β-keto esters and b) α,β-epoxy 
ketones 
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methanol (Scheme 62).
141
 It was found that the metal chlorides with larger ionic radii (La
3+
, 
1.016 Å) provided increased selectivity of epoxy alcohol 208. 
 
 
Based on the studies of Oishi and Utimoto, Ley and co-workers envisaged a chelation-
controlled reduction directed by a chiral auxiliary which allowed for the use of a mild and 
non-toxic reducing agent such as sodium borohydride as their key step in the synthesis of  
(R)-salmeterol.
142
 (S)-Phenylglycinol was used as the auxiliary. The reduction of ketone 210 
was carried out in a solvent mixture of MeOH:THF at 0 °C using sodium borohydride as the 
reducing agent. The desired product 211 was obtained as a mixture of diastereomers in 2:1 
ratio and 98 % yield. Reduction with sodium borohydride and two equivalents of calcium 
chloride not only improved the solubility of ketone 210 which allowed for the reaction to be 
performed in pure methanol, but also increased the diastereomeric ratio up to 10:1 in favour 
of the desired isomer 211 (Scheme 63). 
 
 
The selectivity observed in the reduction of ketone 210 is thought to proceed via the chelation 
model transition state 212. The calcium cation is complexed by the carbonyl oxygen, the 
R1 R3
O
O
NaBH4, LA
MeOH, 0 ºC
R1 R3
OH
O
R1 R3
OH
O
207 208 209
R
R2
R
R2
R
R2
with CaCl2 85:15 to 97:3 drR-R
2 = H, Me
R3 = Me, n-Bu, Ph  
Scheme 62. Stereoselective reduction of α,β-epoxy ketones with calcium chloride as Lewis acid 
O
O
O
H
N
OH
LA, NaBH4
MeOH, 0 °C
O
O

OH
H
N
OH
211210
O
N
H
H
O
O
O
Cl
212
CaCl2 10:1 dr
none 2:1 dr
Ca2+
Lewis acid =
 
Scheme 63. Asymmetric reduction of a phenacyl phenylglycinol derivative towards (R)-salmeterol 
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amine nitrogen, and the primary alcohol to form two fused five-membered rings. 
Consequently, the hydride attack is thus hindered from the concave face of the complex by 
the glycinol bridge and instead approaches from the less hindered convex face. 
 
 
7.1 Initial studies with 5-hydroxy-pyrrolidin-2-one derivatives 
 
5-Hydroxy-pyrrolidin-2-one derivatives 213 are important building blocks for the asymmetric 
synthesis of a wide variety of natural products.
143,144
 These hydroxyl lactams also have 
potential pharmaceutical application as they are known to act as antifungal agents. The 
maleimide ring appears to be necessary for a strong antifungal activity.
145
 
 
Speckamp et al. reported a remarkable regioselective reduction of gem-substituted 
succinimides in which the hydride attacks the more hindered carbonyl group.
146
 When mono- 
and disubstituted succinimides were reduced, a dramatic increase in regioselectivity occurred. 
A model for the regioselective outcome is shown in Scheme 64. The coplanarity of the 
carbonyl groups and the double bond moiety in citraconimide derivatives is well-established. 
Based on the Burgi-Dunitz model for predicting the nucleophilic attack of carbonyl groups, 
the hydride anion approaches from the less hindered side and attacks the more hindered 
carbonyl group.
147
 
 
 
However, Takabe et al. demonstrated that for the reduction of citraconimide derivatives 213 
with NaBH4-CeCl3 the opposite regioselectivity was obtained. This could be explained by the 
effect of complexation of the Lewis acid with the less hindered carbonyl group and activating 
this group towards reduction (Scheme 65).
148
 
 
N OO
R
R1
NaBH4
N OO
R1
R
H
N OHO
R
R1
H
213 215214  
Scheme 64. Proposed regioselectivity in the reduction of citraconimide 213 with sodium borohydride 
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A general procedure
149
 for the synthesis of citraconimide derivatives 219 was used in order to 
further study this reduction sequence in the presences of calcium-based additives (Table 25). 
Citraconic acid 218 was allowed to react with a variety of different primary amines at 120 °C 
to give imides 219a,c-e in good to excellent yields of 69 to 97 % (entries 1, 3, 4, and 5). 
However, imidation with tosylamine was unsuccessful (entry 2). This is most likely due to the 
lower nucleophilicity of the amine group caused by the electron withdrawing effect of the 
tosyl substituent. Unfortunately, prolonging the reaction time to 24 hours had no effect and 
once again no conversion of the starting material was observed. 
 
 
Entry R Product Yield (%)
a
 
1 Bn 219a 69 
2 Ts 219b no reaction 
3 4-FC6H4 219c 75 
4 -CH2-cyclohexyl 219d 97 
5 O-Bn 219e 66 
a
 Isolated yield after column chromatography. 
 
Our reduction conditions were then surveyed using these maleimides derivatives. The reaction 
was carried out in the same manner as described for the 1,2-reduction of enones, with the 
results shown in Table 26. In all cases, no formation of the saturated hydroxylactam 
derivatives was observed. Treatment of N-benzyl-substituted imide 219a with sodium 
N OO
R
R1
Lewis acid
N OO
R1
R
H
N OHO
R
R1
H
213 217216
LA LA
NaBH4
 
Scheme 65. Proposed regioselectivity in the reduction of citraconimide 213 with a LA-NaBH4 reduction 
system 
Table 25. Synthesis of maleimides derivatives 
219218
O
O
O
NR
O
O
RNH2 (1.0 equiv.)
120 °C, neat
overnight
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borohydride alone gave a mixture of 220a and 221a in a ratio of 25:75 (entry 1). However, it 
was reported that in the presence of cerium chloride, reverse regioselectivity (71:29, 
220a:212a, entry 2) was obtained.
148
 We found that with calcium triflate as the additive 
reduction of imide 219a was less regioselective (58:42, 220a:212a, entry 3) than with calcium 
chloride. The best selectivity was obtained for the N-4-fluorobenzyl-substituted imide 219c 
(65:35, 220c:221c, entry 4). According to Scheme 64, it is likely that an increased bulkiness 
of the methyl substituent at the C-3 position could lead to a positively influence of the 
regioselectivity. 
 
 
Entry R 
Selectivity (%)
a
 
220:221
 
Product Yield (%)
b
 
1
c 
Bn 25:75 220a 74 
2 Bn 71:29
d 
220a 90
d 
3 Bn 58:42 220a 45 
4 4-FBn 65:35 220b 30
 
5 -CH2-cyclohexyl 52:48 220c 34 
6 OBn 55:45 220d 38 
a
 Selectivity was determined by 
1
H NMR analysis; 
b
 Isolated yield after column chromatography;  
c
 Reaction conditions: NaBH4, MeOH, 0 °C, 30 min; 
d
 Published result
148
 (reaction conditions: CeCl3, 
NaBH4, MeOH, 0 °C; 30 min; inseparable mixture of 220a and 221a). 
 
  
Table 26. Regioselective reduction of maleimide 219 in the presence of calcium triflate 
219a,c,d
NR
O
O
1. Ca(OTf)2 (1.0 equiv.),
MeOH
2. NaBH4 (2.0 equiv.),
THF
rt, 30 min
220a-d
NR
O
OH
221a-d
NR
OH
O
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7.2 Calcium-mediated reduction of α,β-epoxy ketones 
 
In order to increase the chelating ability, we focused on the stereoselective reduction of 
α,β-functionalised ketones with an epoxide as the stereodirecting group. As mentioned 
previously, an alternative route for the stereoselective 1,2-reduction of α,β-functionalised 
ketones was shown by Utimoto and co-workers.
141
 In the presence of calcium chloride, 
α,β-epoxy ketones were successfully reduced by sodium borohydride in methanol affording 
trans-epoxy alcohols with moderate to high selectivities. This selectivity was compared to 
that of reactions performed solely in the presence of sodium borohydride or with cerium 
chloride as additive (Table 27). 
 
 
Entry Lewis acid Selectivity 223:224
 
1 CaCl2 87:13 
2 CeCl3 88:12 
3 no LA 66:34 
a
 Isolated yields were 75-85 %. 
 
It was assumed that the stereoselective formation of the trans-product arises from attack of 
the hydride on the carbonyl group from the less hindered side. The diastereoselective outcome 
for these reduction reactions was explained using the Cram chelation model.
150,151
 In analogy 
to model 206 shown by Oishi and co-workers (see Scheme 61b), a chelation model for the 
transition state was proposed as shown in Scheme 66. 
1
H NMR and 
13
C NMR experiments 
also supported such a chelation model for α,β-epoxy ketones. The metal ion chelates to the 
oxygen atoms of both the epoxide and the ketone functionalities, thereby forming a rigid five-
membered ring. The hydride subsequently attacks the ketone from the less hindered side. 
 
Table 27. Stereoselective reduction of α,β-epoxy ketone 222 by Utimoto and co-workersa 
Me nBu
O
O
NaBH4, LA
MeOH, 0 ºC
Me nBu
OH
O
Me nBu
OH
O
222 223 224  
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It was envisaged that epoxy ketone 228 could be simply prepared from enone 229 by 
epoxidation of the double bond in one-step using a standard epoxidation protocol  
(Scheme 67). This method should easily give access to a wide range of α,β-epoxy ketones 
which could then further subjected to our Ca(OTf)2-NaBH4 reduction system. 
 
 
 
7.2.1 Synthesis of α,β-epoxy ketones 
 
The synthesis of a variety of α,β-epoxy ketones is shown in Table 28. α,β-Unsaturated 
ketones containing (cyclo)alkyl and (hetero)aromatic substituents were chosen as target 
substrates. 
 
 
 
O
R3
O
R
R1
X
B
X
X
H
X = H or OMe
R2
O
R3
O
R
R1
R2
NaBH4
225 226
Ca2+ Ca2+
 
Scheme 66. Proposed chelation model for the calcium-mediated reduction of α,β-epoxy ketones 
R
O
R3
O
R

OH
R3
O
R
O
R3
227 228 229
epoxidationreduction
R2 R2 R
2
R1 R1 R1
R-R3 = alkyl, aryl  
Scheme 67. Retrosynthetic route for the reduction and synthesis of α,β-epoxy ketones 228 
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Entry Enone R
 
R
3 
Conditions Product Yield (%)
a 
1 190c -(CH2)4- - (A) 231a decomposition 
2 -(CH2)4- - (B) 231a 70 
3 151 -(CH2)2- - (A) 231b decomposition 
4 -(CH2)2- - (B) 231b 10 
5
b 
230a Me Me (B) 231c 80 
6
c 
230b Me Me (B) 231d 26 
7 230c Ph H (A)
d 
231e 79 
8 184 Ph Me (A) 231f decomposition 
9 Ph Me (B) 231f 53 
10 230d Ph NMe(OMe) (A) 231g no reaction 
11 Ph NMe(OMe) (B) 231g no reaction 
12 Ph NMe(OMe) (B)
e
 231g no reaction 
13 65 Ph Ph (A) 231h 91 
14 189h 2-pyrrolyl Me (B) 231i decomposition 
15 189f Ph 3-thiophenyl (A) 231j 31 
a
 Isolated yield after column chromatography; 
b
 R
1
 = H, R
2
 = Me; 
c
 R
1
 = Me, R
2
 = H; 
d
 MeOH:CH2Cl2 
= 3:1 was used as solvent; 
e
 t-BuOOH was used as epoxidation agent. 
 
The epoxidation protocol was effective for the majority of the chosen substrates. Treatment of 
enones 230c, 65, and 189f with a basic solution of hydrogen peroxide at 0 °C, followed by 
stirring of the reaction mixture at room temperature for 14 h afforded the corresponding 
epoxides 231e, 231h, and 231j in moderate to good yield (entries 7, 13, and 15). 
Unfortunately, treatment of all other substrates with analogous conditions resulted in 
decomposition or no reaction. After slight modification of the conditions by prolonging the 
duration of the dropwise addition of the peroxide solution via cannula and decreasing the 
Table 28. Synthesis of α,β-epoxy ketones 
231a-j
R R3
O
R R3
O
O
conditions
(A) or (B)
R2 R2
R1 R1
R1, R2 = H
conditions (A) 1. H2O2 (1.1 equiv.), aq. 2N NaOH (1.1 equiv.), 0 °C
2. enone, MeOH, 0 °C to rt, 14 h
(B) 1. H2O2 (2.5 equiv.), aq. 2N NaOH (0.5 equiv.), 0 °C
2. enone, MeOH, -5 to 0 °C, 2 h
enone
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reaction temperature to between -5 and 0 °C, α,β-epoxy ketones 231a-d were also 
successfully synthesised in 10 to 80 % yield (entries 2, 4, 5, and 6). Unfortunately, the 
synthesis of epoxides 231g and 231i remained unsuccessful. Either decomposition or no 
conversion of the starting material (entries 10-12 and 14) was observed. 
 
 
7.2.2 Stereoselective reduction of α,β-epoxy ketones 
 
Initially, commercially available α,β-epoxy cyclohexanone 232 was selected as a model 
substrate for the examination of our reaction conditions which were developed for the 
1,2-reduction of enones. Once again, the selectivities obtained in the presence of calcium 
triflate were compared to cerium chloride (Luche conditions), calcium chloride (Utimoto 
conditions), and to conditions in the absence of a Lewis acid (Table 29). Reduction of ketone 
232 with sodium borohydride in the presence of cerium chloride gave the corresponding 
epoxy alcohol 233 in 85:15 stereoselectivity (233:234, entry 1). However, in the presence of 
calcium chloride or when borohydride was used alone, the selectivity dropped to 57:43 
(233:234, entry 2) and 52:48 (233:234, entry 3), respectively. When calcium triflate was 
employed as a Lewis acid, the best result was obtained under our developed 1,2-reduction 
conditions: ketone reduction in a mixture of THF:MeOH (12:1) as solvent at 0 °C (65:35, 
233:234, entry 9). The use of THF alone gave slightly less selective outcome of 61:39 
(233:234, entry 5) and reduction in pure water or in a 12:1 mixture of THF and water led only 
to a mixture of 50:50 (233:234, entries 6 and 8). The poor selectivity with calcium as a Lewis 
acid can be explained by the rigid conformation of substrate 232 which prevents effective 
coordination to the metal centre in chelation geometry. It is not surprising that the cerium(III) 
cation with its larger ionic radius and extended coordination sites, can form a stronger 
chelated complex with epoxy ketone 232, resulting in better stereoselectivities. 
 
 
 
Chapter III: Results and discussion 
84 
 
 
Entry Lewis acid Conditions 
Selectivity (%)
a
 
233:234
 
1 CeCl3·7H2O 0 °C, MeOH 85:15 
2 CaCl2 0 °C, MeOH 57:43
b
 
3 - 0 °C, MeOH 52:48
b
 
4 Ca(OTf)2 0 °C, MeOH 55:45 
5 Ca(OTf)2 0 °C, THF 61:39 
6 Ca(OTf)2 0 °C, H2O 50:50 
7 Ca(OTf)2 rt, CH2Cl2:MeOH (12:1) 56:44 
8 Ca(OTf)2 rt, THF:H2O (12:1) 50:50 
9 Ca(OTf)2 0 °C, THF:MeOH (12:1) 65:35 
a
 Selectivity was determined by GC/MS; 
b
 Published result
123
. 
 
The originally developed reaction conditions for the 1,2-reduction of α,β-unsaturated ketones, 
proved useful for a broad range of enones leading to successful 1,2-reduction to allylic 
alcohols in high selectivity and good to excellent yield (see chapter 6.2). Despite the poor 
selectivity obtained with α,β-epoxy ketone 232 we were keen to further examine our 
conditions for the reduction of various α,β-epoxy ketones, such as α,β-epoxy cycloalkanones 
and α,β-epoxy chalcone derivatives, comparing our chemistry to the Luche protocol and also 
to the selectivity obtained when solely using sodium borohydride in the absence of a Lewis 
acid. The results are shown in Table 30.  
 
 
 
Table 29. Initial screening of α,β-epoxy cyclohexanone 232 
O
O
OH
O
OH
O
conditions
232 233 234
LA (2.0 equiv.)
NaBH4 (1.0 equiv.)
HH
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Entry Epoxide 
Selectivity (%)
a
 cis:trans 
Product Yield (%)
d 
Ca(OTf)2
 CeCl3·7H2O
b 
no LA
c 
1 231b
O
O
 
55:45 - - 235a 0
e 
2 
O
O
232
 
65:35 85:15 48:52 233 74
 
3 
O
O
231a  
69:31 83:17 59:41 235b 54 
4 
O
O
231d  
100:0 92:8
f,g 
42:58
f 
235c 82 
5 
O
O
231c  
100:0 96:4
f,g 
88:12
f 
235d 76 
6 
O
O
231e  
87:13 85:15 51:49 235e 85 
7 
O
O
231f  
76:24 76:24 62:38 235f 53 
8 
O
O
231h  
86:14 95:5 80:20 235g 80 
9 
231j S
O
O
 
82:18 84:16 80:20 235h 78 
a
 Selectivity was determined by 
1
H NMR; 
b
 Luche conditions; 
c
 Luche conditions without addition of 
Lewis acid; 
d
 Isolated yield after column chromatography; 
e
 Decomposition during column 
chromatography; 
f
 Published result
141
; 
g
 LaCl3 was used as LA. 
Table 30. Stereoselective reduction of α,β-epoxy ketones 
233,235a-i 234,236a-i
R
O
R3
O
R
OH
R3
O
R
OH
R2
O
1. Ca(OTf)2, MeOH
2. NaBH4, THF
0 °C, 30 min
R1
R2
R1
R2
R1
R2
R1, R2 = H or Me
H H
cis trans
epoxide  
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The selectivity of 7-membered ring epoxide 231a was better than for five- and six-membered 
rings 231b and 232 (entries 1, 2, and 3) but less selective than in the presence of cerium 
chloride. Unfortunately, no product could be isolated for epoxy alcohol 235a due to 
degradation of the product during purification. The poor selectivity observed could be 
explained by the rigid structure of the cyclic substrates and the smaller ionic radius of the 
calcium cation, compared to the lanthanides. Due to this, effective chelation of the calcium 
cation with the epoxide and the carbonyl oxygen was prevented. However, application of the 
developed conditions to alkyl-substituted epoxides 231d and 231c led to excellent selectivity 
affording the trans-diastereomer 235c and 235d as the only product in 82 and 76 % yield, 
respectively (entries 4 and 5). Even unsubstituted α,β-epoxy ketone 231e was reduced to give 
85:15 (235e:236e) selectivity and 85 % yield (entry 6). α,β-Epoxy ketones containing 
(hetero)aromatic substituents were also screened, resulting in good selectivities of up to 84:16 
(235:236, entries 7, 8, and 9). Although reduction of 231f showed good selectivity of 76:24 
(235f:236f) and full conversion of the starting material was indicated by TLC analysis, 
alcohol 235f could only be isolated in moderate yield (53 %, entry 7). 
It is notably that our conditions were comparable and in some cases better (entries 4, 5, and 6) 
than the Luche conditions. Additionally, for all substrates which have been tested under our 
conditions an increase of the selectivity towards the cis-product 233 and 235a-h was observed 
when compared to when the reaction in the absence of a Lewis acid. 
 
Furthermore 
1
H NMR studies of the proposed calcium triflate complex of α,β-epoxy ketone 
237 were undertaken in order to substantiate chelation. The experiments were carried out in a 
THF-d8 and MeOH-d4 solvent mixture (12:1) at 20 °C. The chemical shifts of the 
1
H NMR 
and 
13
C NMR spectra of epoxy ketone 231h in the presence of different equivalents of 
calcium triflate are outlined in Table 31. 
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 X Equiv. of Ca(OTf)2 
 0 0.25 0.50 0.75 1.0 
1
H NMR      
H
α 
4.06 4.06 4.07 4.08 4.09 
H
β
 4.43 4.43 4.44 4.45 4.46 
new peak - - 4.31 4.53 4.68 
      
13
C NMR      
C=O 193.3 193.3 193.4 193.5 - 
C-H
α
 59.7 59.6 59.7 59.7 - 
C-H
β 
61.6 61.5 61.6 61.6 - 
 
Upon addition of calcium triflate, deshielding of both signals of the methine protons H
α
 and 
H
β
 on the epoxide ring of 237a was observed. Broadening of the signals was not observed. 
Although the overall magnitude of the chemical shifts observed was small, our result was in 
ppm (t1)
4.004.50
Table 31. Chemical shifts (δ) of α,β-epoxy ketone 231h in the presence of Ca(OTf)2 in THF:MeOH (12:1) 
O
OH

H

237b
Ca2+
O
O H
H

and/or
O
OH

H
231h
Ca(OTf)2 (X equiv.)
THF-d8:MeOH-d4 (12:1)
O
O
H

H
237a
Ca2+
 
1.0 
0.0 
0.50 
0.75 
0.25 
H
α H
β 
new peak 
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accordance with the values reported for epoxy ketone 231f in the presence of calcium 
chloride.
141
 Nevertheless, it is also likely that the chemical shifts resulted from a change of the 
capacitivity of the THF:MeOH solution with increasing the concentration of calcium triflate. 
Nevertheless, within increased equivalents of calcium triflate a new peak was observed  
(~ 4.50 ppm). This peak is likely the result of formation of another calcium complex 237b 
where the calcium cation is chelating epoxy ketones as ligands. However, experiments were 
unsuccessful in order to obtain suitable crystals for examination of the exact structure of such 
complexes. 
 
 
7.3 Calcium-mediated reduction of α,β-aziridinyl ketones 
 
In the light of the successful application of our conditions to the stereoselective reduction of 
α,β-epoxy ketones, where the epoxide served as a stereodirecting group, we sought to expand 
our substrate scope to include α,β-aziridinyl ketones. In this case, it was expected that the 
aziridine functionality would act as the necessary stereodirecting group in the reduction 
reaction. Prior to this study, α,β-aziridinyl ketones had to be synthesised.  
There are many common synthetic approaches to aziridines. These include electrophilic 
nitrene addition to alkenes, carbenoid/carbanion/ylide addition to imines, conjugate addition 
of a nucleophilic nitrogen-transfer agent, the Gabriel-Cromwell reaction, conjugate addition 
to α-bromoacrylates, cyclisation of 1,2-aminoalcohols and 1,2-aminoahalides via ring 
opening-cyclisation of an epoxide, and also by addition to azirines. A brief overview of the 
general approaches for the synthesis of aziridines are summarised in Scheme 68.
152,153
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Once again, we decided to focus on well-established methods for the aziridination. This 
involved the direct synthesis of the aziridine ring from electron deficient alkenes, such as 
α,β-unsaturated ketone 240 (Scheme 69). This could be achieved by the Gabriel-Cromwell 
reaction and an aziridination reaction using N-methylmorpholine (NMM) along with either  
O-mesitylene-sulfonyl hydroxylamine or O-diphenylphosphinyl hydroxylamine (DppONH2) 
as an aminating agent. 
 
 
 
7.3.1 Aziridination with nucleophilic nitrogen-transfer agents 
 
The use of nucleophilic nitrogen-transfer agents for the aziridination of electron-deficient 
olefins represents a powerful method for the generation of aziridines in high yield and 
stereoselectivity (Scheme 70). Typically, nucleophilic reagent 241 possesses a substituted 
R1
R2
N
X
R MLn
NHX
R
R
XR2R Br
Carbenoid, carbanion, or
ylide addition to imines
MLn
PhI=NX
R1
R2
Nitrene addition
to alkenes
R1
Br
CO2RRNH2
Conjugate addition to
-bromoacrylates
X
N
LG
R1
EWG
Conjugate addition
of a nucleophilic
nitrogen-transfer agent
R[M]
Addition to
azirines
N
R2
R1
R2
OH
NHX
Cyclisation of 1,2-amino.
alcohols and -halides
R1
R2
Y
NHX
R1
R2
O
MN3, PPh3
Ring-opening
of an epoxide
 
Scheme 68. Overview of the general approaches to aziridine synthesis 
R
O
R1
N
R 
OH
R1
N
R
O
R1
R2R
2
238 239 240
aziridinationreduction
 
Scheme 69. Retrosynthetic route for the calcium-mediated reduction and synthesis of aziridinyl ketones 238 
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nitrogen which is attached to a good leaving group. Under basic conditions, the reagent 
undergoes conjugate addition to the olefin generating enolate 242 as an intermediate which is 
followed by a ring-closure to afford aziridine 243. A variety of nucleophilic nitrogen-transfer 
agents are known. For our purpose, we decided to focus on two well-established methods by 
Xu and Shi
154,155
 and Armstrong.
156
 
 
 
It was envisaged that α,β-aziridinyl ketone 239 could simply be prepared from enone 240 by 
aziridination of the double bond (Scheme 71). Significantly, this route would deliver 
NH-aziridines which allow flexibility in terms of further nitrogen functionalisation with 
groups such as sulfonates or typical N-protecting groups such as Boc- or Fmoc-groups. 
 
 
 
7.3.1.1 Amination with O-mesitylenesulfonyl hydroxylamine 
 
In 2006, Shi et al. reported that the aminimine generated in situ from a tertiary amine and 
MSH in the presence of a base is an effective NH-transfer reagent for the successful 
aziridination of various chalcones (Scheme 72). The in situ generated aminimine 247 was 
obtained via amination of NMM with MSH to form a hydrazinium salt which was then 
deprotonated by potassium hydroxide. A variety of chalcone derivatives 245 with aromatic 
substituents were employed to obtain the aziridine products 246 in moderate to good yields. 
 
R R1
O
X
N
H
LG
R R1
O-NX
LG
base
240
241
242
R R1
O
243
NX
 
Scheme 70. General scheme of aziridination of enones using nucleophilic nitrogen-transfer agents 
R2
R
O
R1R
O
R1
H
N
240244
R
O
R1
N
239
aziridinationN-substitution
 
Scheme 71. Aziridination strategy with nucleophilic nitrogen-transfer agents 
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We decided to use this procedure for the synthesis of our target α,β-aziridinyl ketones. The 
nucleophilic nitrogen-transfer agent MSH was synthesised in three steps following literature 
procedures
157,158
 (Scheme 73). Treatment of mesitlyene 248 with three equivalents of 
hydrochlorosulfonic acid at 0 °C, afforded sulfonyl chloride 249 in 74 % yield. Subsequent 
reaction of a solution of 249 in DMF at -5 °C with triethylamine and ethyl N-hydroxy-
acetimidate 252 supplied sulfinyloxyacetimidate 250 in 82 % yield.  
 
 
It is noteworthy that due to immediate degradation, aminating agent 251 was always prepared 
immediately prior to the aziridination step of chalcone 65. 
 
With the nucleophilic nitrogen-transfer agent MSH in hand, aziridination of chalcone 65 was 
investigated. Treating MSH with NMM, potassium hydroxide, and chalcone 65 in acetonitrile 
at room temperature for four hours gave aziridine 253 in only poor yield (22 %) along with an 
inseparable impurity which was a co-product derived from the aziridination agent 251 
(Scheme 74). Nevertheless, aziridine 253 was reduced under our conditions with two 
equivalents of sodium borohydride in the presence of calcium triflate at 0 °C. Unexpectedly, 
R R1
O
NMM (1.0 equiv.)
MSH (2.0 equiv.)
KOH (3.0 equiv.)
CH3CN, rt, 4 h R R
1
OH
N
245 246
49-85 % yield, 8 examples
R = Ph, 2-ClC6H4, 4-ClC6H4, 4-MeOC6H4
R1 = Ph, 4-MeOC6H4, 4-MeC6H4
O
N NH
in situ generated
aminimine 247
 
Scheme 72. Aziridination of chalcone derivatives by Shi 
SO2Cl SO3N
OEt
248 249 250
HSO3Cl (3.0 equiv.)
CHCl3, 0 °C to rt, 1.5 h
74 %
1. Et3N (2.1 equiv.)
2. 252 (4.5 equiv.)
3. Et3N (0.16 equiv.)
DMF, -5 °C, 0.5 h
82 %
OEt
N
HO
252
SO3NH2
251
70% HClO4
1,4-dioxane
-5 °C, 30 min
85 %
 
Scheme 73. Synthesis of O-mesitylenesulfonyl hydroxylamine 251 
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ring-opening of the aziridine and elimination of the hydroxyl group occurred during the 
reaction, affording amine 255 in 20 % isolated yield instead of the desired product 254. 
 
 
 
7.3.1.2 Amination with O-diphenylphosphinyl hydroxylamine 
 
Since the aziridination procedure described above resulted in poor yield and difficulty in 
separating the co-product, an alternative approach was employed. In 2007, Armstrong and co-
workers reported that the tertiary amine NMM with O-diphenylphosphinyl hydroxylamine as 
the electrophilic aminating agent also generates aminime 247 in situ under basic conditions.
156
 
The method showed a broad applicability not only for aziridination of aromatic enones with 
either β-alkyl or β-aryl substituents but also for α,β-unsaturated esters in high yield  
(Scheme 75). 
 
 
There were two similar reports for the synthesis of DppONH2 in the literature. In both 
syntheses, the aziridination agent 259 can be readily prepared in one step from commercially 
available hydroxylamine hydrochloride and diphenylphosphinyl chloride 258 under basic 
conditions in 1,4-dioxane (Table 32, conditions (A))
156,159
 or in a 4.5:1 mixture of Et2O and 
OH
N

OHH
N
NH2
65
253 254
255
1. Ca(OTf)2 (1.0 equiv.)
MeOH
2. NaBH4 (2.0 equiv.)
THF
THF:MeOH (12:1)
0 °C, 30 min
20 %
MSH (2.0 equiv.)
KOH (3.0 equiv.)
NNM (1.0 equiv.)
CH3CN, 4h rt
22 % (+ impuritiy)
 
Scheme 74. Synthesis of aziridine 255 with MSH and tertiary amine in the presence of base 
R
O
R1 R
O
R1
H
N
256 257
1. NMM (1.05 equiv.)
DppONH2 (1.05 equiv.)
CH3CN or CH2Cl2, rt, 0.5 h
R = aryl, alkyl
R1 = aryl, OtBu
32-97 % yield, 15 examples
2. NaOH (2.0 equiv.), 259, rt, 6-40 h
 
Scheme 75. Aziridination of enones according to Armstrong 
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ethanol (conditions (B)).
241
 However, it was reported that procedure (A) is not reliable giving 
259 in only moderate yield and with differences in reactivity of the reagent. Indeed, we found 
that our attempted synthesis of 259 using condition (A) afforded DppONH2 with a very poor 
purity (< 20 %) and only in 18 to 22 % yield including a mixture of undefined phosphorous 
compounds (entries 1, 2, and 3). The product purity was assessed using 
31
P NMR analysis. In 
2012, a similar procedure for the preparation of agent 259 was reported by Nantz and co-
worker
241
 using a two-phase solvent system to minimise hydrolysis of diphenylphosphinyl 
chloride 258 prior to its reaction with hydroxylamine. When reaction conditions (B) were 
employed, DppHNH2 was isolated in 54 % yield with purity greater than 70 % (entry 4).  
 
 
Entry Condition Yield (%)
a 
Purity
b 
1 (A) 22 < 10 % 
2 (A) 18 ca. 20 % 
3 (A) 20 < 10 % 
4 (B) 54 > 70 % 
a
 Isolated yield after filtration and drying under high vacuum; 
b
 Purity was determined by 
31
P NMR 
analysis. 
 
Subsequently this reagent was subjected to the aziridination reaction with various 
α,β-unsaturated ketones via the procedure reported by Armstrong.160 The results are outlined 
in Table 33. We were pleased to find that the conditions were successful for a range of 
aromatic enones with over 95 % conversion of the starting material.  
 
 
 
Table 32. Synthesis of aziridination agent 259 
P
O
ONH2
Ph
PhP
O
Cl
Ph
Ph
258 259
conditions (A) or (B)
conditions (A) 1. HONH2HCl (2.2 eqiuv.), 7 M NaOH
1,4-dioxane, -15 °C, 10 min
2. 0.25 M NaOH, 0 °C, 0.5 h
(B) 1. HONH2·HCl (2.2 eqiuv.), NaOH (2.1 equiv.)
Et2O:EtOH (4.5:1), -15 to 0 °C, 25 min
2. 0.25 M NaOH, 0 °C, 0.5 h  
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Entry Enone Product Conv. (%)
a
 Yield (%) 
1 65 
O
NH
253  
> 95 65
b 
2 189f 
O
NH
261a S  
> 95 30
b 
3 202a 
O
NH
261bCl Cl  
> 95 22
b 
4 189g 
O
NH
261c  
> 95 14
b 
5 260a 
261d
NH
O
 
100 decomposition
 
6 202b 
O
NH
261c  
> 95 < 5
c 
7 260b 
O
HN
261f  
100 0
c 
8
d 196d 
O
NH
261g  
100 traces
e 
9
d 
193a 
261h
O
NH
 
100 traces
e 
a
 Conversion was determined by TLC analysis; 
b
 Isolated yield after column chromatography;  
c
 Degradation of product during purification process; 
d
 Reaction conditions: 1. NMM (1.05 equiv.), 
DppONH2 (2.0 equiv.), CH2Cl2, rt, 30 min/ 2. NaH and i-PrOH (3.0 equiv.), enone, rt, 16 h; 
e
 Detected 
by 
1
H NMR analysis of the crude reaction mixture. 
 
Table 33. Synthesis of various aziridines from α,β-unsaturated ketones 
253,261a-h
R
O
R1 R
O
R1
H
N
1. NMM (1.05 equiv.), DppONH2 (2.0 equiv.)
CH3CN, rt, 30 min
2. NaOH (3.0 equiv.), then enone, rt, 16 h
enone  
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The best result was obtained for chalcone 65, providing the corresponding aziridine 253 in 
65 % isolated yield (entry 1). The reaction also worked for enones with electron deficient 
aromatic substituents at the carbonyl, the β-positions as well as hetero-aromatic substituents at 
the carbonyl position affording, affording aziridine 261a and 261b but with lower yields 
(30 % and 22 % respectively, entries 2 and 3). The lower yields may be the result of partial 
decomposition during isolation and purification (column chromatography on silica gel). 
While most of the aziridines with aryl-substituents were synthesised and isolated in low to 
moderate yield, the use of alkyl or acyclic enones 196d and 193a as initial substrates was not 
realised (entries 8 and 9). Both, enones failed to undergo reaction. Disappointingly, both 
substrates showed almost complete conversion of the starting material under the reaction 
conditions but only suspected traces of the aziridine 261g or 261h were observed by 
1
H NMR 
analysis of the crude reaction mixture. In the case of enone 193a, it is most likely that 
dimerisation occurred under the basic reaction conditions. 
 
The next step involved the N-functionalisation of the aziridine substrates. Various 
N-substituents were investigated in order to determine their compatibility during the reduction 
process in the presence of calcium triflate and sodium borohydride. For the initial screening 
of the reaction conditions, aziridine 253 was used as the test substrate. Unexpectedly, the 
reaction turned out to be problematic (Table 34). In the literature several methods for the 
preparation of N-substituted aziridines have been reported. Oae et al. successfully 
demonstrated the use of pyridine as a base at 0 °C to react aziridinyl chalcone with 
benzoylchloride.
161
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Entry
 
RX 
Equiv. 
RX 
Base 
Equiv. 
base 
Solvent Product 
Conv. (%)
b
 
262 
1
 
MsCl 
1.2 pyridine - pyridine 
262a 
decomposition 
of SM 
2 1.5 NaH 1.0 THF 
decomposition 
of SM 
3 1.0 NEt3 1.0 CH2Cl2 SM 
4 1.5 Na2CO3 1.5 CH2Cl2 20 % 
5 1.3 NaHCO3 1.5 CH2Cl2 95 % 
6 
MeI
 
10 pyridine - - 
262b 
decomposition 
of SM 
7 1.5 NaH 1.0 THF 
decomposition 
of SM 
8 1.5 Na2CO3 1.5 CH2Cl2 SM 
9 10 K2CO3 1.5 DMF SM 
10 Boc2O 1.1 
EtNiPr2/ 
DMAP 
1.5/cat. CH2Cl2 262c SM 
11 Boc-On 1.1 NEt3 1.5 
H2O:diox
ane (1:1) 
262c SM 
a
 Screening conditions: To a solution of 253 (0.24 mmol) and RX dissolved in (solvent) (1.3 mL) was 
added (base) at 0 °C and the reaction mixture was stirred at rt for 14 h; 
b
 Conversion was determined 
by GC/MS analysis. 
 
However, both of the test electrophiles, mesyl chloride and methyl iodide failed to undergo 
substitution reaction with these conditions (entries 1 and 6). Next, the reaction was performed 
with sodium hydride as a base under standard conditions in THF. But again, decomposition of 
the starting material was observed (entries 2 and 7). When triethylamine was used as a base, 
no reaction occurred. Among the reaction conditions tested, inorganic bases such as sodium 
carbonate and sodium hydrogencarbonate in dichloromethane showed the most favourable 
results (20-95 % conversion, entries 4 and 5). Despite the success with mesyl chloride, in the 
case of sodium carbonate and methyl iodide, no reaction took place. Attempts to synthesise 
Table 34. Initial screening of reaction conditions for the N-functionalisation of aziridines
a 
R
Ph
O
Ph
H
N
253
Ph
O
Ph
N
262a-c
RX (X equiv.)
base (X equiv)
solvent, 0 °C to rt
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the N-Boc derivative 262c under standard conditions proved unsuccessful, as both 
experiments showed no conversion of the starting material by GC/MS analysis (entries 10 
and 11). 
 
A variety of different functional groups for the N-substitution reaction of aziridine 253 were 
surveyed, employing the developed reaction conditions (Table 34, entry 5). Most of the 
substrates lead to successful N-substitution exceeding 95 % conversion of the starting 
material; however, due to the small scale of the reaction and time constraints, it was not 
possible to isolate the desired products 262a and 263a-c (entries 1-4), nor to repeat the 
experiments on a larger scale. Substituents derived from carbon acids worked as well as 
sulfonyl chlorides and carboxy chlorides. N-substitution with carboxybenzyl chloride and 
tosyl chloride afforded the N-carboxybenzyl and N-tosyl aziridine products 263d and 263e in 
63 % and 60 % yield respectively (entries 5 and 6). Whilst N-activating functional groups 
worked well, N-substitution with alkyl- and allyl-substituents resulted in no conversion of the 
starting material 253 (entries 9 and 10). It is likely that alkyl and allyl halides are not reactive 
enough to undergo the substitution reaction. 
 
 
Entry R (X = Cl) Equiv. RX 
Equiv. 
NaHCO3 
Product Yield (%)
a
 
1
b 
O
O
 
1.5 1.5 263a ≥ 95 % conv.
c
, 0
d
 
2 S
O O  
1.5 1.5 262a ≥ 95 % conv.
c
, 0
d 
3 
O2N
O  
1.5 1.5 263b ≥ 95 % conv.
c
, 0
d
 
Table 35. Screening of various N-substituents under the developed conditions 
R
Ph
O
Ph
H
N
253
Ph
O
Ph
N
262a-b, 263a-h
RX (X equiv.)
NaHCO3 (X equiv)
solvent, 0 °C to rt
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4 
O  
1.5 1.5 263c ≥ 95 % conv.
c
, 0
d
 
5 
S
O O  
10 10 263d 60  
6 O
O  
5.0 5.0 263e 63  
7 
O
O  
1.3 1.6 263f traces 
8 
 (X = Br) 
1.2 1.5 263g 10 % conv.
c 
9 Me (X = I) 10 10 262b no reaction 
10 Allyl (X = Br, Cl) 10 10 263h no reaction 
a
 Isolated yield after column chromatography; 
b
 THF:H2O (10:1) was used as solvent; 
c
 Conversion 
was determined by 
1
H NMR analysis of the crude reaction mixture; 
d
 Due to the small scale reaction 
no product was isolated after column chromatography. 
 
Although conversion was observed and limited yields were isolated, we sought to improve the 
method for N-substitution of N-substituted aziridinyl ketones. An alternative strategy that was 
considered was to use DppONH-R 264 with suitable N-functionalisation of the aminating 
agent such as N-Boc 264a, N-Ac 264b, or N-tBu 264c moieties. 
 
Following the preparation procedure for DppONHBoc by Pullin,
246
 reagents 264a and 264b 
were successfully synthesised in near quantitative yield from DppCl and N-Boc- or N-tBu-
hydroxylamine, respectively (Scheme 76). N-Acetyl hydroxylamine with DppCl failed to 
undergo reaction, giving the desired product 264c in very low yield (undetermined) and purity 
(< 10 %). Once again, the product purity was assessed using 
31
P NMR analysis. 
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The aminating reagents 264a and 264b were employed for the aziridination of chalcone 65, 
utilising the reaction conditions by Armstrong
160
 for the direct aziridination of enones with a 
weaker base such as caesium carbonate instead of sodium hydroxide (Table 36).  
 
 
Entry DppNHR R Product Conv. (%)
a 
1 264b t-Bu 267 no reaction 
2 264a Boc 262c no reaction 
a
 Conversion was followed by TLC and GC/MS analysis. 
 
Despite the promising results which were reported by Pullin
162
 for the aziridination with 
DppONHBoc and enone 265 (Scheme 77), there was no conversion of the starting material 
with either aziridination agent. 
 
 
 
1. HORNHHCl , CH2Cl2, 0 °C
2. Et3N (1.2 equiv.), then 258
P
O
ONHR
Ph
PhP
O
Cl
Ph
Ph
258
264a R = Boc, 90 % yield, > 99 % purity
264b R = t -Bu, 95 % yield, > 75 % purity
CH2Cl2, 0 °C to rt, 3 h
264c R = Ac, yield ND, < 10 % purity
264a-c
 
Scheme 76. Preparation of aziridination agents 264a, 264b, and 264c 
Table 36. Attempted aziridination of chalcone 65 with 264a and 264b  
R
Ph
O
Ph Ph
O
Ph
N
65 262c, 267
R = t -Bu, Boc
1. NMM (1.2 equiv.), 264 (2.0 equiv.)
CH2Cl2, rt, 0.5 h
2. Cs2CO3 (3.0 equiv.) then 65
CH2Cl2, rt, 16 h
 
RO O
N
265 266
1. NMM (1.05 equiv.), 264a (2.0 equiv.)
CH2Cl2, rt, 0.5 h
Ph Ph
85 % conv., 85 % yield
2. Cs2CO3 (3.0 equiv.), then 265
CH2Cl2, rt, 16 h  
Scheme 77. Aziridination of 265 with 264a as aminating agent  
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7.3.2 Gabriel-Cromwell reaction 
 
Due to the unsatisfactory results of the synthesis of N-substituted aziridines by the Armstrong 
method, an alternative strategy was investigated. The Gabriel-Cromwell reaction involves the 
conjugate addition-cyclisation of amines with α-haloacrylates.163 Historically, this method has 
been established to prepare aziridines via the reaction of a dibromoketone with a primary 
amine. Dibromination of various enones 240 gives access to the dibromoketones 268  
(Scheme 78).  
 
 
The synthesis begins through electrophilic dibromination of unsaturated C-C bonds with a 
hydantoin derivative combined with a thiourea catalyst. This procedure, reported by 
Barbas III,
164
 was performed under mild reaction conditions (20 mol% catalyst, CH2Cl2, rt) 
and without the use of hazardous reaction components generating only inert by-products. A 
test reaction was performed with chalcone 65 and brominating agent 270 in dichloromethane 
at room temperature (Scheme 79). Although after 16 hours TLC analysis indicated full 
conversion of the starting material the dibromo product 269 was only isolated in a moderate 
34 % yield after recrystallisation. Repeating the reaction did not improve the isolated yield. 
 
 
After the successful synthesis of dibromo ketone 269, the same reaction conditions were 
employed on various α,β-unsaturated ketones bearing (hetero)aromatic, electron-deficient 
aromatic, and (cyclo)alkyl substituents at the carbonyl carbon and the β-position of the double 
bond (Table 37). 
R
O
R1
N
R2
240239 268
R R1
O
R R1
O
Br
BrR2NH2 bromination
 
Scheme 78. Gabriel-Cromwell strategy for the synthesis of aziridinyl ketone 239 from enone 240 
65
Ph Ph
O
Ph Ph
O
Br
Br
269
N
N
Br
Br
O
O
270
N
H
N
H
S
271
270 (1.5 equiv.)
271 (0.2 equiv.)
CH2Cl2, rt, 16 h
34 %
 
Scheme 79. Bromination of enone 65 with dibromohydantoin 270 and thiourea catalyst 271 
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Entry Enone R
 
R
1 
Product Yield (%)
a 
1 184 Ph Me 272a 34 
2 193a -(CH2)3- - 272b 
decomposition of 
SM 
3 230d Ph N(OMe)Me 272c 41 
4 189e 
S  
Me 272d 
decomposition of 
SM 
5 189b 
NH  
Me 272e 
decomposition of 
SM 
6 189f 
S  
Ph 272f 36 
a
 Isolated yield after column chromatography. 
 
The reaction conditions worked well for most of the substrates affording dibromo ketones 
272a, 272c, and 272f in moderate yields of 34 to 41 % (entries 1, 3, and 6). Although the 
reaction was successful for enone 189f bearing a heteroaromatic substituent at the carbonyl 
position and a phenyl group at the β-position of the double bond, substrates 189e and 189b 
with a thiophenyl- or pyrrol-substitutent at the carbonyl group and a methyl group at the β-
position of the double bond failed to undergo dibromination, affording only decomposition of 
the starting material (entries 4 and 5). Attempts to dibrominate cyclohexenone 193a also 
resulted in decomposition of the starting material (entry 2). An alternative procedure for 
bromination of enone 193a with bromine in dichloromethane was tested. Although full 
consumption of the starting material was observed in the 
1
H NMR spectrum of the crude 
reaction mixture, product 272b could not be isolated in sufficient purity due to the formation 
of a variety of by-products that could not be separated by column chromatography as well as 
the degradation of dibromo product 272b during purification. 
 
With various dibromo ketones in hand, the next step in our synthetic route consisted of the 
syntheses of aziridinyl ketones by the conjugate addition-cyclisation of a variety of primary 
Table 37. Bromination of various enones with 1,3-dibromo-5,5-dimethylhydantoin 270 
enone
R R1
O
R R1
O
Br
Br
272
270 (1.5 equiv.)
271 (0.2 equiv.)
CH2Cl2, rt, 16 h
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amines to dibromo ketones. Dibromo ketone 269 was chosen as a model substrate. A test 
reaction was performed with dibromo compound 269 and tosylamine in dichloromethane 
under basic conditions (Scheme 80). Disappointingly, attempts to obtain N-tosyl-substituted 
aziridine 203d were unsuccessful. However, instead of cyclisation to the aziridine ring, 
substitution at the 4-position took place, followed by elimination of hydrogen bromide to 
afford enamine 273 in 46 % yield. 
 
 
It was reported by Lavrushin et al. that the synthesis of aziridinyl ketones from α,β-dibromo 
chalcone derivatives by the Gabriel-Cromwell method is strongly solvent-dependent and is 
often hindered by the selection of the optimal solvent.
165
 Indeed, it was found when various 
amines and reaction conditions were screened that in most cases starting material 269 was 
fully converted to elimination product 275 (Table 38). 
 
 
Entry
 
R Solvent 
Conc. 
(mmol/mL) 
Time Product 
Ratio (%)
b
 
Product 275 
1 H MeOH 0.27 16 h 253 10 - 
2 H 
CHCl3:MeOH 
(9:7) 
0.09 16 h 253 71
c
 - 
3 H H2O 0.15 48 h 253 0 100 
4 Bn EtOH 0.17 24 h 263g 8
c 
- 
5 Me benzene 0.15 48 h 262b 0 100 
6 allyl benzene 0.15 48 h 263h 18
c 
- 
273 269 203d
O
Br
Br TsNH2 (4.0 equiv.)
Et3N (4.0 equiv.)
CH2Cl2, 0.18 M,
0 °C to rt, 12 h
O Ts
N
O
46 %NHTs
 
Scheme 80. Attempted synthesis of N-tosyl-substituted aziridine 203d via the Gabriel-Cromwell reaction 
Table 38. Screening different R-substituents and solvents for the synthesis of aziridinyl ketone 274a-e via 
the Gabriel-Cromwell reaction
a 
R
269
Ph Ph
O
Br
Br
Ph Ph
O
NRNH2 (4.0 equiv.)
solvent, 0 °C to rt
Ph Ph
O
Br
product 275  
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7 Boc benzene 0.15 48 h 262c 0 100 
8 
CH2-
C6H11 
benzene 0.14 24 h 274a 0 100 
9 
CH2-
C6H11 
EtOH 0.14 72 h 274a 0 100 
10 
CH2-
C6H11 
Et2O 0.28 72 h 274a 0 100 
11 
CH2-
C6H11 
Et2O 0.32 48 h 274a 0 100 
12 4-FBn benzene 0.14 24 h 274b 0 100 
13 4-FBn EtOH 0.14 72 h 274b 0 100 
14 4-FBn Et2O 0.28 72 h 274b 0 100 
15 propargyl benzene 0.14 24 h 274c 0 100 
16 propargyl EtOH 0.14 72 h 274c traces ≥ 95 
17 propargyl Et2O 0.28 72 h 274c traces ≥ 95 
18 SO2Me benzene 0.14 24 h 262a 0 100 
19 SO2Me EtOH 0.14 72 h 262a 0 100 
20 cyc-Pr benzene 0.14 24 h 274d 0 100 
21 cyc-Pr EtOH 0.14 72 h 274d 0 100 
22 OBn benzene 0.14 24 h 274e 0 100 
23 OBn EtOH 0.14 72 h 274e 0 100 
24 OBn Et2O 0.28 72 h 274e 0 100 
a
 Screening conditions: To a solution of 269 (0.14 mmol) in (solvent) was added RNH2 (0.54 mmol) at 
0 °C. The reaction mixture was stirred at rt for (time) before being quenched with water. Following a 
micro work-up with EtOAc, a sample was analysed by GC/MS analysis; 
b
 Product ratio was 
determined by GC/MS analysis; 
c
 Isolated yield after column chromatography. 
 
Treatment of dibromo ketone 269 with an ammonia saturated solution of methanol afforded 
unsubstituted aziridine 253 in 10 % conversion (entry 1). However, when an aqueous solution 
of ammonia was used, full conversion to 275 took place (entry 3). Changing the solvent to a 
9:7 mixture of CHCl3:MeOH led to the desired aziridine 253 in a 71 % isolated yield  
(entry 2). Benzylamine in ethanol afforded the N-benzyl-substituted aziridine 263g in very 
low yield (8 %). Prolonging the reaction time and increasing the amount of amine did not 
increase the isolated yield (entry 4). N-Allyl aziridinyl ketone 263h was also successfully 
isolated but in low yield (18 %, entry 6). Among all the amines and solvents that were 
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screened, these reactions gave the only positive results. Because this attempted method was 
not satisfactory, we decided against further investigation of suitable reaction conditions for 
each of the different amines. 
 
 
7.3.3 Synthesis of N-tosyl-substituted aziridinyl yones 
 
In 2011, Cossy et al. reported the Noyori transfer hydrogenation of α,β-aziridinyl ynones 276 
which both proceeded with a high level of reagent-controlled diastereoselectivity to produce 
α,β-epoxy or α,β-aziridinyl propargylic alcohols 277. These products were further used as 
building blocks for the synthesis of natural products.
166
 The diastereoselective reagent-
controlled reduction was achieved regardless of the substituent on the alkyne. However, the 
diastereoselectivity formation of propargylic alcohols 277 was highest in the presence of 
catalyst (S,S)-[Ru]-I 278 (Scheme 81). 
 
 
Therefore, we aimed to examine the diastereoselective reagent-controlled reduction of 
N-tosyl-substituted α,β-aziridinyl ynone 285 with sodium borohydride in the presence of 
calcium triflate. Ynone 285 was prepared in five steps starting from L-serine 280.
166
 The 
synthetic route is outlined in Scheme 82. Reaction of the amino acid with tosyl chloride under 
basic conditions gave N-tosyl-substituted L-serine 281 in moderate yield (45 %). This 
sulfonamide 281 was then subjected to aziridination using diethyl azodicarboxylate and 
triphenylphosphine. Aziridine 282 was isolated in 61 % yield. Subsequent reduction of the 
276 277
O
R
N
Ts
R1
OH
R
N
Ts
R1
cat. 278 or 279
i-PrOH:CH2Cl2 (10:1), rt
56-99 % yield, 4 examples
(S,S)-[Ru]-I 7:93 to 5:95 dr
(R,R)-[Ru]-I 80:20 to 95:5 dr
R =H, Me
R1 = n-Pr, CH2OTr, TIPS
N
Ru
NPh
Ph
Ts
H
(S,S)-[Ru]-I
N
Ru
NPh
Ph
Ts
H
(R,R)-[Ru]-I
278
279
 
Scheme 81. Stereoselective reduction of α,β-aziridinyl ynones 276 by Noyori transfer hydrogenation 
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ester moiety with DIBAL-H at -78 °C in dichloromethane provided the aldehyde 283 in 56 % 
isolated yield.  
 
 
Unfortunately, treatment of aldehyde 283 with lithiated alkyne 286 did not result in the 
formation of propargylic alcohol 284 even though TLC analysis indicated disappearance of 
the starting material. Due to time constraints, the last step of the synthesis of N-tosyl-α,β-
aziridinyl ynone 285 was unfortunately not completed. 
 
  
OH
NH2EtO2C
OH
NHTsEtO2C NTsEtO2C
NTsOHC
280 281 282
283
NTs
R
O286
1. 286 (2.0 equiv.), THF,
-40 °C, then n-BuLi
(1.7 equiv.), 0 °C, 0.5 h
2. 283, -78 °C to 0 °C, 2 h
DEAD (1.1 equiv.)
PPh3 (1.1 equiv.)
THF, 0 °C to rt
61 %
DIBAL-H (1.6 equiv.)
CH2Cl2, -78 °C
56 %
Et3N (2.2 equiv.)
TsCl (2.2 equiv.)
CH2Cl2, 0 °C, 12 h
45 %
OH 284
3. PCC (1.5 equiv.)
AcONa·3H2O, CH2Cl2
·HCl
3.
C=O 285  
Scheme 82. Attempted synthesis of α,β-aziridinyl ynone 285 
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7.3.4 Stereoselective reduction of α,β-aziridinyl ketones 
 
1
H NMR studies of the calcium triflate complex of α,β-aziridinyl ketone 253 were undertaken 
in order to substantiate the metal chelation. The experiments were carried out in THF-d8 and 
MeOH-d4 in a 12:1 ratio at 20 °C. The chemical shifts of the 
1
H NMR and 
13
C NMR spectra 
of aziridinyl ketone 253 in the presence of different equivalents of calcium triflate are shown 
in Table 39. 
 
In general, upon addition of calcium triflate, a deshielding of the NH and H
β
 signal on the 
aziridine ring was observed along with strong broadening of the signals. The change in the 
chemical shifts in the 
1
H NMR spectra of the NH and H
β
 protons clearly indicate the 
coordination of the calcium cation to both the nitrogen of the aziridine ring and the oxygen of 
the carbonyl group, even in polar solvents such as THF. Within increased equivalents of 
calcium triflate a new peak was observed (~ 4.20 ppm). This peak is likely the result of 
formation of another calcium complex where the calcium cation is chelating aziridinyl 
ketones as ligands. Performance of an 
1
H NMR experiment at 55 °C showed that the peak 
disappeared which can be explained by fast ligand exchange at higher temperature. This 
substantiates our assumption. Unfortunately, experiments were unsuccessful in order to obtain 
suitable crystals for examination of the exact crystal structure of such complexes. 
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 X Equiv. of Ca(OTf)2 
 0 0.25 0.50 0.50
a 
0.75 1.0 
1
H NMR       
H
α
 3.51 3.59
b
 3.59
b
 3.48
b
 3.59
b
 3.68
b
 
H
β
 3.11 3.14 3.14 3.15 3.15 3.13 
NH 3.16 3.38
b
 3.44
b
 3.11
b
 3.59
b
 3.53
b
 
new peak - (4.00) 4.17 -
c 
4.45 4.61 
13
C NMR       
C=O 195.9 189.6 -
d 
-
d 
-
d 
-
 
C-H
α 
44.6 44.6 44.7 44.5 44.7 - 
C-H
β
 43.8 43.9 44.0
b
 43.9
b
 43.9
b 
- 
a
 Spectra recorded at 328 K;
b
 Broadening of the signal; 
c
 Peak was not observed at 328 K; 
d
 Peak was 
not observed. 
ppm (t1)
1.502.002.503.003.504.004.50
Table 39. Chemical shifts (δ) for α,β-aziridinyl ketone 261a in the presence of calcium triflate in  
THF-d8:MeOH-d4 (12:1) 
OH
N
H
H
253
Ca(OTf)2 (X equiv.)
THF-d8:MeOH-d4 (12:1)
O
NHH

H
287
Ca2+
O
NHH

H

288
Ca2+
O
HN H
H

and/or
 
1.0 
0.0 
0.50 
0.75 
0.25 
H
α H
β 
NH
 
NH
 
NH
 
H
α 
H
α 
H
α 
H
α 
NH H
β 
 
NH H
β 
 
H
β 
H
β 
new peak 
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Aziridinyl ketone 263g was then selected as a test substrate and subjected to the selective 
reduction solely with the use of sodium borohydride, as well as in the presence of the 
additives calcium triflate and cerium chloride (Table 40). Pleasingly, the calcium-mediated 
reduction of ketone 263g gave a high diastereoselectivity of 95:5 of trans-alcohol 289 to  
cis-alcohol 290 (entry 1). For comparison, reduction of ketone 263g was carried out under 
Luche conditions in the presence of cerium chloride affording a diastereomeric mixture of 
96:4 of aziridinyl alcohols 289 and 290 (entry 2). In the absence of a Lewis acid, the observed 
diastereoselectivity was much lower (289:290, 85:15, entry 3). 
 
 
Entry Conditions 
Selectivity (%)
a
 
289:290
 
1 
1. Ca(OTf)2 (1.0 equiv.), MeOH 
2. NaBH4 (2.0 equiv.), THF, 0 °C, 0.5 h 
95:5 
2 
CeCl3 (1.0 equiv.), NaBH4 (1.0 equiv.), 
MeOH, 0 °C, 0.5 h 
96:4 
3 no LA, NaBH4 (1.0 equiv.), MeOH, 0 °C, 0.5 h 85:15 
a
 Selectivity was determined by 
1
H NMR and HPLC analysis. 
 
Encouraged by the above results obtained with our reduction conditions, various N-substituted 
aziridinyl ketones were tested under the same conditions (Table 41). It is noteworthy to 
mention that the obtained aziridinyl alcohols 291a, 291b, and 291c decomposed during 
purification upon column chromatography on silica gel and therefore it was not possible to 
obtain isolated yields; due to time constraints the experiment was not attempted for repeat.  
The reaction occurred smoothly (0 °C, 30 min), and the corresponding aziridinyl alcohols 
291a-c were obtained with high Cram-chelate calcium-controlled diastereoselectivities (dr ≥ 
88:12, cis:trans) whether the aziridine ring was activated (entry 2) or non-activated (entry 4). 
However, when the nitrogen at the aziridine ring was allyl-substituted a moderate 
diastereoselectivity of 75:25 (291b:292b, entry 3) was obtained. 
 
Table 40. Stereoselective reduction of aziridinyl ketone 263g 
O
N
Bn
OH
N
Bn
OH
N
Bn
263g 289 290
conditions
H H
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Entry Ketone R Product 
Selectivity (%)
a
 
cis:trans 
1 263g 
 
289 95:5
b 
2 263d 
S
OO
 
291a 88:12
c 
3 263h 
 
291b 75:25
c 
4 263e O
O
 
290c 90:10
c 
a
 Selectivity was determined by GC/MS analysis; 
b
 63 % isolated yield after column chromatography; 
c
 No yield was isolated due to degradation of the product during the column chromatography. 
 
  
Table 41. Stereoselective reduction of N-substituted aziridines 263 
O
N
OH
N
OH
263 289,291a-c 290,292a-c
R R
N
R
1. Ca(OTf)2 (1.0 equiv.)
MeOH
2. NaBH4 (2.0 equiv.)
THF
THF:MeOH (12:1)
0 °C, 0.5 h
H H
cis trans
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8 1,2-Addition of RMgX or LiR to ketone 157 in the presence of calcium 
compounds 
8.1 Introduction 
 
Lanthanide(III) salts have been used extensively to activate carbonyl compounds and imine 
derivatives for the 1,2-addition of organometallic reagents.
167
 The Grignard addition to 
carbonyl compounds has provided a good method for synthesising secondary and tertiary 
alcohols via carbon-carbon bond formation. Nevertheless, it is well known that the Grignard 
reaction gives often undesired by-products from side reactions such as enolisation, 
condensation, conjugate addition, and reduction via β-H transfer (Scheme 83). In particular, 
when Grignard reagents are strongly basic, ketones are often enolised and require an acidic 
work-up procedure for recovery. To avoid these problems, some improvements have been 
made through the use of stoichiometric amounts of inorganic additives, such as Lewis acids 
for activating the carbonyl position.
168,169,170
 The most effective additives in circumventing the 
undesired reactions and with a broad synthetic applicability are cerium(III) halides. 
 
 
Several research groups have devised procedures to suppress side reactions by changing 
reaction parameters such as solvent and temperature or using additives such as  
(n-BuO)3ZrCl,
171
 MgBr2,
172
 or LiClO4.
173
 Imamoto and co-workers developed a method that 
suppresses the undesired side reactions and also has a broad synthetic applicability. They 
observed that organocerium(III) reagents, derived from the reaction of organolithium or 
Grignard reagents with anhydrous cerium(III) halides, undergo efficient carbonyl addition, 
even for substrates prone to enolisation. Cerium chloride has a strong oxophilicity and is 
capable of activating carbonyl components by coordination. The activation of the carbonyl 
group and the less basic nature of the organometallic species may be the most important 
driving force for cerium chloride-promoted 1,2-carbonyl additions.
174
 Despite extensive 
efforts, the solution structure of the reagent formed from cerium chloride and Grignard 
reagents is still unknown.  
R
O
Lewis acid
RMgX or RLi
R
HO R
R
O
R1 R1R1
R
HO H
R1
R
O
R1
R1
RHO
293 294 295 296 297  
Scheme 83. 1,2-Carbonyl addition reaction of ketone 293 with RMgX or RLi 
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The following aspects are important in order to obtain excellent results for 1,2-Grignard 
addition reactions: 
 
 Anhydrous, “activated” cerium chloride is essential to obtain the best result. Cerium 
chloride is activated under conditions of < 20 mol% total water relative to cerium 
chloride in a THF slurry. The activation can physically be observed by conversion of 
grey amorphous solids to a white suspension. 
 The method of drying cerium chloride is important.175 It is known that cerium chloride 
may undergo decomposition processes, losing stability. CeCl3 degrades to hydrochloric 
acid and its corresponding oxychloride product CeOCl in the presence of water and 
heating.
176
 
 Catalytic amounts of cerium chloride give optimum results with the same selectivity.177 
 A reaction between the “activated” cerium chloride and the Grignard reagent generates 
the selective species. The exact structure of the reactive species is unknown; possible 
formations however could be the “ate” complex RMgX·CeCl3 and the σ-alkyl species 
RCeCl2 formed by transmetalation or some species generated by a Schlenk-like 
equilibrium from RCeCl2.
178
 
 
Because of the oxophilic nature of lanthanide salts the 1,2-addition reaction is favoured over 
competitive reactions such as enolisation and reduction. Additionally the reactivity of the 
catalyst depends on the drying procedure and especially on its solubility. Knochel et al. 
described the preparation and use of convenient THF-soluble lanthanide halides LnCl3·2LiCl 
299 (Ln = La, Ce and Nd, with the addition of LiCl) also having a beneficial effect which can 
easily be prepared and are additives for the addition of various Grignard reagents to hindered 
and enolisable ketones 293 (Scheme 84).
170
 
 
 
LnCl3·6H2O
2 LiCl
MS 4Å, THF
LnCl3·2LiCl (Ln = La, Ce, Nd)
RMgCl R
1
R2
O LnCl3·2LiCl
0 ºC, 10 min to 6 h
R1
OMgCl
R2
R
OMgCl
R2
R1
OMgCl
R2
H
R1
298 299
300 293 301 302 303
b)
a)
 
Scheme 84. a) Preparation of soluble lanthanide salts 299 for b) the reaction of organomagnesium reagents 
with ketone 293 
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Ishihara and co-workers reported on alternative reagents for a homogenous, stoichiometric 
ZnCl2-catalysed alkylation and arylation of ketone 304 with TMSCH2MgCl to provide a non-
transferable ligand, LiCl, and RMgX via trialkylzinc(II) ate complexes [R3Zn][MgCl], which 
effectively minimised undesired side reactions (Scheme 85).
169,179
 By the replacement of the 
lanthanide(III) chloride with Zn-complex 307 they also achieved high selectivities and 
exclusive formation of desired 1,2-adduct 306. 
 
 
The activity of the Grignard species is increased by the β-silyleffect of the nontransferable 
trimethylsilylmethanyl group, by the cation effect of lithium cation, and by the halide effect of 
the chloride. The Grignard species can also act as both a catalytic alkylating reagent with 
increased nucleophilicity in the anion [R-TMSCH2)2Zn] and as an activator of the carbonyl 
group in the Lewis acidic cation [Li][MgX2]m[LiX]n. 
 
 
8.2 Calcium-mediated 1,2-addition reaction of RMgX and RLi to 
ketone 157 
 
While 1,2-addition reactions of Grignard and organolithium reagents to carbonyl 
functionalities are important reactions for C-C bond formation in organic synthesis, the 
resulting products can be a mixture of reduction and aldol adducts as well as unreacted ketone 
starting material from the competing enolisation reaction. To the best of our knowledge, 
studies of the 1,2-addition of organometallic reagents to ketones mediated by a calcium-based 
compound have not yet been reported. On the basis of the 1,2-addition chemistry discussed in 
the previous chapter, we began our investigations by performing test reactions (Scheme 86). 
Ketone 157 was chosen as the test substrate: a substrate that, in the presence of basic 
organometallic reagents, undergoes 1,2-addition as well as competitive enolisation. 
R R1
O
R2MgX
ZnCl2 (10 mol%)
TMSCH2MgCl (20 mol%)
LiCl (110 mol%)
THF, 0 ºC, 2 h
R R1
HO R2
[R(TMSCH2)2Zn][Li][MgX2]m[LiX]n
in situ
304
307
306305  
Scheme 85. ZnCl2-catalysed R
2
MgX addition to ketone 304 
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Cerium chloride heptahydrate was dried prior to its use following the temperature protocol 
outlined in Scheme 87. It should be emphasised that when drying cerium chloride 
heptahydrate, at least 80 % of the water has to be removed by increasing the temperature to no 
more than 90 °C. Otherwise, loss of hydrochloric acid occurs, resulting in significant 
deactivation of cerium chloride. The amounts of protic impurities were determined by IR 
spectroscopy and were less than 5 %. Alternatively, anhydrous cerium chloride was purchased 
from a commercial supplier and was subsequently dried under vacuum at 100 °C for 12 h 
prior to its use.  
 
 
Following a standard protocol by Imamoto,
180
 preliminary studies were carried out for the 
1,2-addition of model substrate 157 with organometallic reagents, such as methyllithium and 
vinylmagnesium bromide in the presence of cerium chloride, calcium chloride, and in the 
absence of an additive (see appendices chapter 13 for complete table). Our initial results are 
outlined in Table 42. The reaction of ketone 157 with the methyllithium reagent was 
performed in THF at -78 °C (entries 1-3). Without the addition of a Lewis acid, the reaction 
afforded 35 % isolated yield of product 158b and 33 % recovered ketone 157, once the 
reaction was quenched with water (entry 1). Surprisingly, in the presence of cerium chloride 
O
HO R O
157
309158
RMgX or RLi
Lewis acid
O
310
R1X
2-
R2X
R1 R1
OR2
311312, R
1 = Me 313, R2 = TMS
H2O
157orO-
308
-
158a R = vinyl
158b R = Me
 
Scheme 86. 1,2-Addition with Grignard or organolithium reagents to ketone 157 mediated by a Lewis acid 
CeCl3 ·7H2O dry CeCl3
80 °C 120 °C
16 h 16 h
160 °C
24 h  
Scheme 87. Temperature protocol for drying cerium chloride heptahydrate 
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we obtained a poor product yield (28 %) along with 38 % yield of recovered starting material 
(entry 2). Isolation of starting material upon quenching with an aqueous solution led us to 
believe that either the starting material was not fully consumed during the reaction or 
enolisation had taken place.  
 
Table 42. Results of the test reactions of the 1,2-addition of ketone 157 with or without a Lewis acid 
Entry 
Conditions 
R
1
X Yield
a 
Reagent LA  
1 MeLi - THF  
-78 °C, 4 h 
H2O 35 % 158b +  
33 % RSM 
2 MeLi CeCl3 THF  
-78 °C, 4 h 
H2O 28 % 158b +  
38 % RSM 
3 MeLi CaCl2 THF  
-78 °C, 4 h 
MeI 45 % 158b +  
41 % 312 
4 VinylMgBr - THF  
0 °C, 5 h 
MeI 49 % 158a +  
15 % 312 
5 VinylMgBr CeCl3 THF  
0 °C, 5 h 
MeI 18 % 158a +  
7 % RSM 
6 VinylMgBr CaCl2 Et2O  
0 °C, 5 h 
MeI 40 % 158a +  
36 % RSM 
a
 Isolated yield after column chromatography. 
 
When the reaction was performed in the absence of an additive, addition of the methyllithium 
reagent led to an observable colour change of the reaction mixture (slightly yellow). This 
indicates that deprotonation had taken place rather than the alternative conclusion that the 
starting material had remained partially unconsumed. Hence, we envisaged that the use of a 
suitable quenching agent, such as methyl iodide, would solve this issue as it would be 
possible to determine the exact ratio between the formation of product and enolate. Indeed, 
with calcium chloride as the additive along with methyl iodide as a quenching agent we 
obtained the desired product in 45 % yield along with dimethylketone 312 in 41 % yield. At 
this point it was not clear, whether the intermediate species was a dianion 309 or an enolate 
308.
181
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Furthermore, vinylmagnesium bromide was reacted with ketone 157. In the absence of a 
Lewis acid the desired product was obtained (49 %) along with the quenched enolisation 
product 158a (15 %, entry 4). However, when cerium chloride was added, no quenching 
product 312 was observed (entry 5). Additionally, conditions using calcium chloride afforded 
tertiary alcohol 158a in 40 % yield with no quenched product 312 detected, even though the 
reaction solution turned very pale yellow when vinylmagnesium bromide was added (entry 6). 
Therefore, it was still necessary to identify an effective quenching agent. Following these 
results, we then examined a variety of quenching agents. As can be seen from Table 43, 
methyl iodide (entries 1-3) and TMSCl (entries 4 and 5) were the most suitable agents for 
quenching the reaction. 
 
 
Entry 
RMgX or 
RLi 
Solvent, 
time 
R
1
X or 
R
2
X 
Ratio (%)
a 
157 310 or 311 158b 
1 VinylMgBr Et2O, 5 h MeI 36
c 0 40
c
 (158a) 
2 MeLi THF, 4, h MeI 0 41
c
 45
c
 
3 MeLi Et2O, 2.5 h MeI 13 12 75 
4 MeMgBr Et2O, 3 h TMSCl 11 4 85 
5 MeLi Et2O, 3 h TMSCl 32 5 63 
6 MeLi THF, 3 h TBSCl 49 0 51 
7 MeLi Et2O, 3 h TBSCl 26 0 74 
8 MeMgBr Et2O, 3 h I2 12 0 88 
9 MeLi THF, 3 h I2 46 0 54 
10 MeLi TBME, 3 h I2 33 0 67 
a
 Ratio was determined by 
1
H NMR analysis of the crude reaction mixture; 
b
 Reaction was performed 
at -78 °C; 
c 
Isolated yield after column chromatography. 
Table 43. 1,2-Addition of ketone 157 using different quenching agents 
O HO R
157 158
1. RMgX or RLi, CaCl2
THF or Et2O, 0 °C or -78 °C
2-5 h
2. R1X or R2X
THF or Et2O, 0 °C, 1 h
O
310
R1
or
OR2
311
R1
158a R = vinyl
158b R = Me  
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Despite the fact that addition of the organometallic reagent led to enolisation (observable 
colour change), when the  addition reaction of ketone 157 was quenched with TBSCl (entries 
6 and 7) or iodine (entries 8, 9, and 10) the 
1
H NMR spectra of the crude reaction mixture 
showed only signals of starting material 157 and product 158b. Once more, we felt that this 
could be either because the starting material was not fully consumed during the reaction or 
enolisation had taken place with the enolate not being quenched by TBSCl or iodine. 
Furthermore, a better ratio of up to 88:12 (158b:(157+312)) was obtained for the 1,2-addition 
with Grignard reagents as compared to methyllithium (entries 4 and 8). This is not surprising 
as Grignard compounds are less basic reagents and consequently preferentially undergo 
1,2-addtion reaction in favour of acting as a base. As a result, 1,2-addition with methyllithium 
in THF as the reaction solvent afforded approximately a 50:50 mixture (158b:(157+312)), 
entries 2, 6, and 9). Moreover, in the case of methyllithium in TBME as the reaction solvent, 
the ratio was increased to 67:33 (158b:(157+312)), entry 10). When the reaction was 
performed in diethylether a further increase towards the 1,2-addtion product 158b was 
observed leading to a ratio of up to 75:25 (158b:(157+312)), entries 3 and 7). Although the 
preliminary results were reasonably successful, further optimisation of the reaction conditions 
was required.  
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IV Conclusion and future perspectives 
9 Calcium-mediated 1,2-reduction of α,β-functionalised ketones 
 
Investigations detailed in this thesis have led to the development of successful reaction 
conditions for the selective 1,2-reduction of a broad range of α,β-unsaturated ketones 314, 
both synthesised and commercial, with sodium borohydride in the presence of calcium 
triflate. We have highlighted that our methodology is amenable to the inclusion of diverse 
functional groups and even challenging substrates, such as 2-cyclopentenone, were reduced to 
the corresponding allylic alcohols 315 with excellent 1,2-selectivities and isolated yields. The 
selectivities obtained under our conditions were comparable throughout and in some cases 
better than the 1,2-reduction reaction under Luche conditions (Scheme 88). 
 
 
Since the discovery of the Luche reduction, elucidation of the mechanism, especially in an 
alcoholic solvent, remains intriguing and relatively unexplored. The reaction proceeds via 
various alkoxyborohydride species that are produced in situ that can react with unique stereo- 
and chemoselectivity (1,2-reduction vs. 1,4-addition reaction). 
 
 
R R3
OH
R1
R2
1. Ca(OTf)2, MeOH
2. NaBH4, THF
THF:MeOH (12:1), rtR R
3
O
R1
R2
R R3
OH
R1
R2
45-99 % yield, 74:26 to 100:0 selectivity
35 examples
314 315 316
 
Scheme 88. Summary of the selective 1,2-reduction of α,β-unsaturated ketones in the presence of calcium 
triflate 
O O OHOH
k1 k2 k3
152 151 317 153
NaBH4-n(OMe)n?
1,2-reduction vs. 1,4-addition
 
Scheme 89. Reaction pathway for the sodium borohydride reduction of model substrate 151 
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We envisaged investigating the kinetics of the sodium borohydride reduction mechanism for 
model substrate 151 in the presence of a calcium salt as well as compared to the reduction in 
the absence of an additive (Scheme 89). The best approach to mechanistic discovery was to 
design and understand the reaction process by kinetic modelling. Kinetic modelling and 
simulations would then allow the calculation of chemical process variables. Preliminary 
studies were undertaken to determine kinetic data by using reaction calorimetry in 
combination with in situ analytical reaction monitoring. Unfortunately, we were not able to 
control the reaction rate and temperature in such a manner that is was possible to determine 
isothermal data, and further measurements are required to determine suitable kinetic data for 
kinetic modelling simulation. 
 
Furthermore, we also described a successful extension of our conditions to the stereoselective 
reduction of a variety of α,β-epoxy ketones 318 (Scheme 90). For the majority of substrates 
tested, the corresponding epoxy alcohols 319 were obtained in 53-85 % isolated yields and 
high diastereoselectivities. For all of the substrates screened, we were able to increase the 
diastereoselectivity as compared to the reaction performed in the absence of a Lewis acids. 
Moreover, our results were also comparable with the stereoselectivities obtained under Luche 
conditions. 
 
 
Preliminary studies showed that the stereoselective reduction of α,β-aziridinyl ketone 263g in 
the presence of calcium triflate was indeed possible. Furthermore the product was isolated in 
high diastereoselectivity (289, 63 % yield, 95:5 dr, Scheme 91). Unfortunately, the synthesis 
of N-substituted α,β-aziridinyl ketones proved to be problematic. Among the methods tested, 
aziridination of α,β-unsaturated ketones with aminating agent 259 and N-methylmorpholine 
and subsequent N-substitution of the aziridine under mild basic conditions was the most 
promising synthetic route. Nevertheless, the synthesis of a broad range of N-substituted 
318 319 320
R
O
R3
O
R
OH
R3
O
R
OH
R2
O
1. Ca(OTf)2, MeOH
2. NaBH4, THF
R1
R2
R1
R2
R1
R2
53-85 % yield, 55:45 to 100:0 dr
9 examples
THF:MeOH (12:1)
0 °C, 0.5 h
 
Scheme 90. Summary of the stereoselective reduction of α,β-epoxy ketones in the presence of calcium 
triflate 
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α,β-aziridinyl ketones 263 still requires some investigation and if successful, will provide a 
broad range of potential substrates for the stereoselective reduction under the calcium triflate-
based protocol. 
 
 
In 2007, Motohashi et al. reported the synthesis of optically active allylic alcohols 323 by a 
highly asymmetric reduction of sulfinyl enones 321, followed by stereoselective 
desulfurisation with a Li/n-PrNH2 system. The sulfoxide functional group induced the remote 
1,2-asymmetric reduction with sodium borohydride as reductant in the presence of lanthanide 
chlorides affording various chiral allylic alcohols 323 with excellent stereoselectivity and in 
high yields (Scheme 92).
182,183
  
 
 
There are few examples that exist in the literature for this type of reduction chemistry with the 
sulfoxide group as chiral auxiliary and to the best of our knowledge, analogous studies with 
calcium salts as Lewis acids have not yet been carried out. A further advantage to this reaction 
is the fact that reduction leads to chiral allylic alcohols in high enantioselectivity. 
 
Access to sulfinyl enones 329 and 333 could be achieved via two similar synthetic routes as 
shown in Scheme 93.
183
 Following preliminary studies, (E)-sulfinyl enone 329 can be 
synthesised within two additional steps via an Aldol condensation of sulfoxide 326 and an 
Ph Ph
O
N
Ph
OH
N
Ph Ph
OH
263 289, 292a-c 290, 293a-c
R R
N
R
1. Ca(OTf)2, MeOH
2. NaBH4, THF
THF:MeOH (12:1)
0 °C, 0.5 h
Ph
R = Bn, 63 % yield, 95:5 dr
R = Ts, 88:12 dr
R = allyl, 75:25 dr
R = Cbz, 90:10 dr
289
292a
292b
292c  
Scheme 91. Summary of the stereoselective reduction of α,β-aziridinyl ketones 263 in the presence of 
calcium triflate 
S
R1O
O
..
LnCl3, NaBH4
HO R1
R S
R1HO
O
..
R
R
R, R1 = alkyl, aryl up to 99 % ee
321 322 323
MeOH, 0 °C
30 min
n-PrNH2, rt
18 h
Li
 
Scheme 92. Asymmetric reduction of enone 321 in the presence of lanthanide chlorides 
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aldehyde and subsequent oxidation of alcohol 328. In analogy to the proposed synthetic route 
of sulfinyl enone 329, (Z)-sulfinyl enone 333 can also be prepared from commercially 
available chiral sulfoxide 324 in three steps including the addition of a Grignard prepared 
from alkyne 331, followed by a hydrogenation and a subsequent oxidation reaction. 
 
 
 
10 Calcium-mediated 1,2-additon of RMgX and RLi to ketones 
 
In addition to the 1,2-reduction chemistry, preliminary studies have also shown that the 
calcium-mediated 1,2-addition reaction of Grignard and organolithium compounds to model 
substrate 157 was successful (Scheme 94) affording an overall product ratio of up to 88:12 
(158b:(312+157)) for the addition of Grignard reagents and of up to 75:25 (158b:(312+157)) 
using organolithium compounds. Unfortunately, although the 1,2-addition product 158b was 
obtained in good ratios, determination of the selectivity between the 1,2-addition and the 
competitive enolate formation proved to be problematic. Among the quenching reagents 
S
O
O
..
S
O
O R
324
333
..
S
O
..
R
O
329
H2, then [O]
RCHO
base
OR1
R
OH
R
330
S
O
..
OR1
R
332
331
R = n-pentyl
R1 = TES
TESCl (1.1 equiv.)
imidazole (1.2 equiv.)
DMF, rt, 14 h
92 %
S
O
..
325
MeMgBr (2.2 equiv)
toluene, -78 °C
80 %
S
O
..
S
O ..
S
O
..
S
O ..
327326
1. HMDS (3.3 equiv.)
2. 324 (1.1 equiv.), THF
THF, -78 to 0 °C
61 % 20 %
S
O
..
R
OH
328
[O]
2 steps
 
Scheme 93. Synthesis of (Z)- and (E)-sulfinyl enones 333 and 329 
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tested, methyl iodide and TMSCl were demonstrated to be the most suitable quenching 
agents. However, investigation into the optimal reaction conditions including the quenching 
procedure still requires improvement. 
 
 
If successful, this methodology could then be extended to a calcium-mediated stereoselective 
addition of organometallic compounds to α,β-epoxy and α,β-aziridinyl ketones 334. It is 
worth mentioning that the asymmetric Sharpless epoxidation methodology does not work 
with any degree of success for allylic tertiary alcohols.
184
 In a similar manner as the 
stereoselective reduction, this method would provide access to a variety of tertiary epoxy and 
aziridinyl alcohols 335 (Scheme 95).  
 
 
 
O HO
157 158b
conditions A or B
conditions A CaCl2, MeMgBr, Et2O, 0 °C, 4 h
B CaCl2, MeLi, Et2O, -78 °C, 2.5 h
up to 88:12 ratio (158b:(312+157))
up to 75:25 ratio (158b:(312+157))  
Scheme 94. Initial attempts for the calcium-mediated 1,2-addition reaction of ketone 157 
Ph Ph
OX
Ph
OHX
X = O, NR1
Ph
R
334 335
Ph
OHX
Ph
R
336
Ca(OTf)2
RMgX or RLi
 
Scheme 95. Proposed calcium-mediated stereoselective addition of Grignard or organolithium reagents to 
α,β-epoxy and α,β-aziridinyl ketones 334 
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V Experimental 
11 General information and analytical methods 
 
All reactions were carried out in oven-dried glassware under nitrogen or argon using 
commercially supplied solvents and reagents unless otherwise stated. Reaction temperatures 
other than room temperature (25 °C) were recorded as the external bath temperature unless 
otherwise stated. Prolonged periods of vessel cooling were attained by the use of a CryoCool 
apparatus. Syringes, used to transfer reagents and solvents for air-sensitive reactions, were 
purged with nitrogen or argon prior to use. All compound structures, corresponding IUPAC 
names, and calculated masses were generated with ChemDraw Ultra 10.0. 
 
 
Solvents 
 
THF, PhMe, CH2Cl2, NEt3, pyridine, and MeOH were redistilled from Na-Ph2CO, Na, CaH2, 
and Mg turnings-I2, respectively. Petroleum ether refers to petroleum spirit 40-60 °C 
 
 
Column chromatography 
 
Column chromatography was carried out on Merck silica gel 60, particle size 23-60 µm, using 
flash techniques (eluents are given in parentheses). Chromatography eluents were BDH GPR 
grade and used without further purification. Petroleum ether refers to BDH AnalaR petroleum 
spirit 40-60 °C. All analytical thin layer chromatography was performed on E. Merck pre-
coated silica gel 60 F254 aluminium plates (0.25 mm) with visualisation under UV light 
(254 nm) or by staining using acidic vanillin, basic potassium permanganate, Dragendorff’s 
reagent or ninhydrin spray reagent followed by gentle heating with a heat gun. 
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IR spectroscopy 
 
Infrared data were detected as neat or as thin films deposited via the evaporation of solvent 
unless otherwise stated. Indicative features of each spectrum were recorded on a PerkinElmer 
Spectrum BX II FT-IR System with ATR technique, monitoring from 4000-700 cm
-1
. All 
compounds are given with adsorptions reported in wavenumbers νmax (cm
-1
). 
 
 
NMR spectroscopy 
 
1
H NMR spectra were recorded at 400 (Bruker DRX-400 spectrometer) or 500 MHz (Bruker 
Av 500 spectrometer) with chemical shifts (δH) quoted in parts per million (ppm) and 
referenced to a residual solvent peak (CDCl3 δH 7.26, δC 77.16; MeOH-d4 δH 3.31, δC 49.05; 
DMSO-d6 δH 2.54, δC 49.45).Coupling constants (J) are quoted in Hertz (Hz) to the nearest 
0.1 Hz. 
13
C NMR spectra (δC) were recorded at 101 (Bruker DRX-400 spectrometer) or 
126 MHz (Bruker Av 500 spectrometer), 
19
F NMR spectra (δF) at 377 MHz (Bruker 
DRX-400 spectrometer), 
11
B NMR spectra (δB) at 128 MHz (Bruker DRX-400 spectrometer), 
and 
31
P NMR spectra (δP) at 162 MHz (Bruker DRX-400 spectrometer). Spectra recorded at 
500 and 126 MHz were carried out by the Imperial College Department of Chemistry NMR 
Service run by Peter Haycock and Dick Sheppard. 
 
 
Mass spectroscopy 
 
Low and high resolution mass spectra (EI, CI, and ESI) were recorded by Imperial College 
Mass Spectrometry Service using a Micromass Platform II and Micromass AutoSpec-Q 
spectrometer by Dr Jonathan Barton or Dr Lisa Haigh. 
 
 
Microanalysis 
 
Microanalyses were determined by the Department of Health and Human Sciences at London 
Metropolitan University by Dr Stephan Boyer. Results are quoted in weight percent of a 
particular element. 
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Melting points 
 
Melting points were determined using a Reichert Thermovar melting point apparatus and are 
uncorrected. 
 
 
Optical rotations 
 
Specific rotations were measured at 25 °C on a PerkinElmer 241 polarimeter with a path 
length of 1 dm, using a sodium lamp (λ = 589 nm, D-line); concentrations (c) are quoted in 
g/100 mL. 
 
 
Gas chromatography 
 
Gas chromatography spectra were obtained using a PerkinElmer 8500 Gas Chromatograph 
apparatus with manual injection and FID detector or an HP 5890 Series II gas chromatograph 
and HP 5972 MS detector. 
 
 
Stereochemistry assignment - Calcium-mediated reduction of α,β-epoxy and 
α,β-aziridinyl ketones 
 
Proton assignments for α,β-epoxy and α,β-aziridinyl alcohols have been made according to 
the Cram chelation model and HSQC and NOESY NMR experiments were utilised were 
necessary. 
 
 
Kinetics 
 
Reaction kinetics were monitored in real time using either RC1e
TM
, iControlRC1e 5.0 
software, and ReactIR
TM
45m with a MCT detector and a DiComp probe, AgX 9.5 mm × 2mm 
fiber, Easymax
TM
 with SP-50 dosing unit and electronic pH probe, where applicable, and 
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ReactIR
TM
. For all kinetic reactions n-heptane was used as an internal standard. The acquired 
data was manipulated using Microsoft Excel. Kinetic modelling was performed using 
DynoChem. 
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12 Experimental procedures 
12.1 General procedures 
 
Reduction of α-enones to allylic alcohols under Luche conditions (GP 1) 
 
α-Enone (0.4 mmol), CeCl3·7·H2O (0.4 mmol), and n-decane, as an internal standard 
(0.4 mmol), were dissolved in MeOH (0.4 M) at room temperature. One portion of NaBH4 
(0.4 mmol) was added and the reaction was stirred for 15 min before. The reaction mixture 
was then quenched with water (0.5 mL). Following a micro work-up
*
, a sample was diluted 
with MeOH and injected into the GC apparatus for analysis. 
 
*
Micro work-up: The quenched reaction mixture was extracted with EtOAc (2 × 0.5 mL) and 
the organic layers were transferred into a new vial using a pipette.  
 
 
Reduction of α-enones to allylic alcohols under Utimoto conditions (GP 2) 
 
Calcium chloride (0.8 mmol) was added to α-enone (0.4 mmol) in MeOH (0.5 M) with 
n-decane (0.4 mmol) as an internal standard. The resulting mixture was stirred for 30 min at 
room temperature. After cooling to 0 °C, NaBH4 (0.6 mmol) was added in one portion. The 
reaction mixture was stirred for a further 15 min at room temperature before being quenched 
with water. After a micro work-up, a sample diluted with MeOH and injected into the GC 
apparatus for analysis. 
 
 
Reduction of enone 151 to allylic alcohol 152 - optimisation of the reaction conditions 
(GP 3) 
 
Parameter screen 
 
One portion of the borohydride MBH4 (M = Li, Na, K, Ca, NBu4, 0.8 mmol) was added to 
enone 151 (0.8 mmol) and calcium salt (0.8 mmol) in (solvent) (0.5 M) with n-decane as the 
internal standard. The reaction mixture was stirred for (time) at (temperature) before being 
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quenched with water. Following a micro work-up with Et2O or EtOAc, a sample was analysed 
by GC. 
 
 
Optimisation of the newly developed reaction conditions 
 
A mixture of the calcium salt (0.25 mmol) and enone 151 (0.25 mmol) were dissolved in 
solvent 2 and then added in one portion to a suspension or solution of MBH4 (M = Na, Ca, 
NH4, or K) (1.0 mmol) in solvent 1 (0.33 M, solvent 1:solvent 2, 12:1) with n-decane as an 
internal standard (0.25 mmol). The reaction mixture was stirred for the designated time and 
indicated temperature before being quenched with water. After a micro work-up with Et2O or 
EtOAc, a sample was analysed by GC. 
 
 
Reduction of α-enones to allylic alcohols - substrate screen - GC analysis (GP 4) 
 
A solution of Ca(OTf)2 (0.5 mmol) and α-enone (0.5 mmol), dissolved in MeOH (0.2 mL), 
was added in one portion to a suspension of NaBH4 (2.0 mmol) in THF (0.16 M, 3.2 mL) with 
n-decane (0.5 mmol) as an internal standard. The reaction mixture was stirred for 30 min at 
room temperature before being quenched with water. After a micro work-up with Et2O or 
EtOAc a sample was analysed by GC. 
 
 
Reduction of α-enones to allylic alcohols - substrate screen - 1H NMR analysis (GP 5) 
 
A solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and α-enone (3.0 mmol), dissolved in MeOH 
(3 mL), was added in one portion to a suspension of NaBH4 (0.45 g, 12 mmol) in THF 
(anhydrous, 48 mL). The reaction mixture was stirred for 30 min at room temperature before 
being quenched with water (50 mL) and diluted with Et2O (20 mL). The organic layer was 
separated and the aqueous layer was extracted with Et2O (3 × 50 mL). The combined organic 
layers were dried over MgSO4, filtered, and evaporated under reduced pressure. Subsequent 
purification by column chromatography on silica gel yielded the corresponding allylic 
alcohol. 
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Reduction of α,β-epoxy ketones to the corresponding alcohols (GP 6) 
 
With calcium triflate 
 
A solution of the α,β-epoxy ketone (1.0 mmol) and Ca(OTf)2 (1.0 mmol), dissolved in MeOH 
(1 mL), was added in one portion to a stirred suspension of NaBH4 (4.0 mmol) in THF 
(anhydrous, 12 mL, THF:MeOH, 12:1). The reaction mixture was stirred at room temperature 
until TLC analysis indicated complete consumption of the starting material. The reaction 
mixture was then quenched with water and extracted with CH2Cl2 (3 × 10 mL). The combined 
organic layers were washed with brine, dried over MgSO4, filtered, and concentrated under 
reduced pressure. Subsequent purification by column chromatography on silica gel yielded 
the corresponding epoxy alcohol. The diastereoselectivity was determined by 
1
H NMR and 
GC/MS analysis. 
 
 
With cerium(III) chloride heptahydrate 
 
α,β-Epoxy ketone (1.0 mmol) and CeCl3·7H2O (2.0 mmol) were dissolved in MeOH (2 mL) 
and stirred at 0 °C. NaBH4 (1.5 mmol) was then added in one portion and the reaction mixture 
was stirred for an additional 15 min at 0 °C. The suspension was quenched with a saturated 
aqueous NH4Cl solution and extracted with ethyl acetate (3 × 3 mL). The combined organic 
layers were dried over MgSO4, filtered, and evaporated under reduced pressure. The 
diastereoselectivity was determined by 
1
H NMR and GC/MS analysis. 
 
 
Reduction of α,β-aziridinyl ketones to the corresponding alcohols (GP 7) 
 
A solution of α,β-aziridinyl ketones (1.0 equiv.) and Ca(OTf)2 (1.0 equiv.), dissolved in 
MeOH (equiv. of ketone:mL of MeOH, 1:1), was added to a stirred suspension of NaBH4 
(4.0 equiv.) in THF (anhydrous, THF:MeOH, 12:1) at room temperature. The reaction 
mixture was stirred until TLC analysis indicated complete consumption of the starting 
material. The reaction mixture was then quenched with water and extracted with CH2Cl2 (3 × 
1 mL). The combined organic layers were washed with brine, dried over MgSO4, filtered, and 
concentrated under reduced pressure. Subsequent purification by column chromatography on 
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silica gel gave the corresponding aziridinyl alcohol. The diastereoselectivity was determined 
by 
1
H NMR and GC/MS analysis. 
 
 
Synthesis of chalcone substrates (GP 8) 
 
An aqueous solution of NaOH (10 %, 0.25 mL) was added dropwise to a solution of aldehyde 
(10 mmol) in acetone (2 mL) and water (1 mL) at 0 °C. The reaction mixture was stirred at 
room temperature until TLC analysis indicated full consumption of the starting material. The 
reaction mixture was then quenched with aqueous HCl (1 N, 1 mL) and extracted with CH2Cl2 
(3 × 2 mL). The combined organic layers were washed with a saturated aqueous NaHCO3 
solution and brine. The resulting solution was dried over MgSO4, filtered, and concentrated 
under reduced pressure. The crude material was purified by column chromatography on silica 
gel (pentane:Et2O, 1-2 % CH2Cl2) affording the corresponding enone. 
 
 
Synthesis of chalcone substrates (GP 9) 
 
An aqueous solution of NaOH (10 %, 0.25 mL) was added dropwise to a solution of aldehyde 
(11 mmol) and the corresponding ketone (10 mmol) dissolved in EtOH (5 mL) at 0 °C. The 
reaction mixture was then stirred at room temperature until TLC analysis indicated full 
consumption of the starting material. The reaction was quenched with aqueous HCl (1 N, 
1 mL) and extracted with CH2Cl2 (3 × 2 mL). The combined organic layers were washed with 
a saturated aqueous NaHCO3 solution and brine. The resulting solution was dried over 
MgSO4, filtered, and concentrated under reduced pressure. The crude material was purified by 
column chromatography on silica gel (pentane:Et2O, 1-2 % CH2Cl2) affording the 
corresponding enone. 
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12.2 Synthesis of calcium salts 
 
Calcium p-toluenesulfonate (164) 
 
 
 
CaCO3 (1.0 g, 10 mmol) and p-toluenesulfonic acid (3.8 g, 20 mmol) were dissolved in 
MeOH (anhydrous, 50 ml) and stirred at room temperature. After 10 min, a white solid 
precipitated. The product was isolated by filtration and the residue was washed with MeOH 
(2 × 10 mL), Et2O (10 mL), and dried under vacuum for 16 h to give calcium salt 164 (3.9 g, 
10 mmol, 99 %) as a white solid: mp > 250 °C; 
1
H NMR (400 MHz, DMSO-d6) δH 2.29 (s, 
1H, -CH3), 7.13 (d, 2H, J = 8.0 Hz, Har), 7.50 (d, 2H, J = 8.0 Hz, Har); 
13
C NMR (101 MHz, 
DMSO-d6) δC 21.3, 126.0 (2C), 128.7 (2C), 138.7, 145.4; IR (neat) νmax 655, 759, 828, 1011, 
1091, 1140, 1177, 1252, 1480, 1583 cm
-1
; Elemental analysis found: C, 43.85; H, 3.57; S, 
16.85 C14H14CaO6S2 requires: C, 43.96; H, 3.69; S, 16.77 %. 
 
 
Calcium methanesulfonate (165) 
 
 
 
Methanesulfonic acid (1.3 mL, 20 mmol) was added dropwise to a stirred suspension of 
CaCO3 (1.0 g, 10 mmol) in MeOH (anhydrous, 30 mL) at 0 °C. The reaction mixture was 
then removed from the ice bath and the white suspension was stirred at room temperature for 
an additional 3 h. The suspension was filtered and the residue was washed with MeOH (2 × 
10 mL), Et2O (10 mL), and dried under vacuum for 16 h to yield calcium salt 165 (2.2 g, 
9.5 mmol, 95 %) as a white solid: mp > 250 °C; 
1
H NMR (400 MHz, DMSO-d6) δH 2.39 (s, 
3H, -CH3); 
13
C NMR (101 MHz, DMSO-d6) δC 40.2; IR (neat) νmax 789, 1073, 1088, 1189, 
-O
S
O O
Ca2+
2  
-O
S
O O
Ca2+
2  
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1258 cm
-1
; Elemental analysis found: C, 10.50; H, 2.56; S, 27.65 C2H6CaO6S2 requires: C, 
10.43; H, 2.63; S, 27.85 %. 
 
 
Calcium 4-chlorobenzenesulfonate (166) 
 
 
 
4-Chlorobenzenesulfonic acid (3.9 g, 20 mmol) was added portionwise to a stirred suspension 
of CaCO3 (1.0 g, 10 mmol) in MeOH (anhydrous, 30 mL) at 0 °C. The reaction mixture was 
then removed from the ice bath and the white suspension was stirred at room temperature for 
a further 3 h. The reaction mixture was then filtered and the residue was washed with MeOH 
(2 × 10 mL), Et2O (10 mL), and dried under vacuum for 16 h to yield calcium salt 166 (2.6 g, 
6.0 mmol, 77 %) as a white solid: mp > 250 °C; 
1
H NMR (400 MHz, DMSO-d6) δH 7.40 (d, 
2H, J = 8.5 Hz, Har), 7.61 (d, 2H, J = 8.5 Hz, Har); 
13
C NMR (101 MHz, DMSO-d6) δC 128.0 
(2C), 128.3 (2C), 133.7, 147.2; IR (neat) νmax 659, 760, 828, 1011, 1062, 1140, 1177, 1480, 
1583 cm
-1
; Elemental analysis found: C, 33.91; H, 1.80; S, 14.97 C12H8CaCl2O6S2 requires: 
C, 34.05; H, 1.90; S, 15.15 %. 
 
 
Calcium 1,1,2,2,3,3,4,4,4-nonafluorobutane-1-sulfonate (167) 
 
 
 
CaCO3 (0.15 g, 1.5 mmol) was suspended in MeOH (anhydrous, 7.5 mL). Nonafluorobutane-
1-sulfonic acid, C4F9SO3H, (0.50 mL, 3.0 mmol) was added dropwise to the suspension and 
the reaction mixture was stirred at room temperature for 4.5 h. The reaction mixture was 
filtered and the resulting filtrate solvent was removed under reduced pressure. The obtained 
solid was dried under vacuum for 16 h to yield calcium salt 167 (0.95 g, 1.5 mmol, 99 %) as a 
-O
S
O O
Cl
Ca2+
2  
-O
S
O O
Ca2+ F
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white solid: mp > 250 °C; 
19
F NMR (377 MHz, MeOH-d4) δF -80.3, -114.6, -121.1, -125.4; IR 
(neat) νmax 703, 742, 810, 1085, 1136, 1220, 1252, 1357 cm
-1
; Elemental analysis found: C, 
29.25; S, 8.83; C16CaF34O6S2 requires: C, 15.05; S, 10.05 %. 
 
 
Calcium 1,1,2,2,3,3,4,4,5,5,6,6,7,7,8,8,8-heptadecafluorooctane-1-sulfonate (168) 
 
 
 
CaCO3 (0.30 g, 3.0 mmol) was suspended in MeOH (anhydrous, 15 mL). A solution of 
heptadecafluorooctanesulfonic acid, C8F17SO3H, (40 wt % in water, 6.0 mmol) was added 
dropwise to the suspension and the reaction mixture was stirred at room temperature for 5 h. 
The suspension was filtered and the solvent was evaporated under reduced pressure. The solid 
was then dried under vacuum for 16 h to yield calcium salt 168 (1.8 g, 2.7 mmol, 66 %) as a 
white solid: mp > 250 °C; 
19
F NMR (377 MHz, CDCl3) δF -80.2, -114.7, -120.5, -121.5,  
-121.7, -122.5, -125.8, -127.3; IR (neat) νmax 946, 988, 1089, 1146, 1199 cm
-1
; Elemental 
analysis found: C, 17.36; S, 6.02; C16CaF34O6S2 requires: C, 18.51; S, 6.18 %. 
 
 
Calcium trifluoromethanesulfonate (169) 
 
 
 
Triflic anhydride (3.4 mL, 20 mmol) was added dropwise to a stirred suspension of CaCO3 
(1.0 g, 10 mmol) in toluene (anhydrous, 20 mL) at 0 °C under nitrogen. The reaction mixture 
was then removed from the ice bath and the reaction was stirred at room temperature for an 
additional 3 h. The reaction mixture was then filtered and the residue was washed with PET 
(2 × 10 mL), Et2O (10 mL), and dried under vacuum for 16 h to yield calcium salt 169 
(0.87 g, 2.7 mmol, 27 %) as a white solid: mp > 250 °C; 
19
F NMR (377 MHz, MeOH-d4) δF  
-O
S
O O
Ca2+
F F
F F
F F
F F
2
F
F
F
F F
F F
F F  
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-79.7; IR (neat) νmax 641, 870, 1057, 1262, 1393 cm
-1
; Elemental analysis found: C, 6.98; 
C2CaF6O6S2 requires: C, 7.10 %. 
 
 
Calcium tetrafluoroborate (170) 
 
 
 
CaCO3 (1.0 g, 10 mmol) was suspended in toluene (20 mL). Tetrafluoroboric acid solution 
(48 wt % in water, 20 mmol) was added dropwise at room temperature and the reaction 
mixture was stirred under reflux for 12 h (Dean-Stark). The suspension was filtered and the 
residue was washed with PET (2 × 10 mL), Et2O (10 mL) and then dried under vacuum for 
16 h to give calcium salt 170 (1.3 g, 10 mmol, quant.) as an off-white solid: mp > 250°C; 
19
F NMR (377 MHz, CDCl3) δF -143.3; 
11
B NMR (128 MHz, DMSO-d6) δB -1.29; IR (neat) 
νmax 788, 945, 976, 1007, 1647 cm
-1
. 
 
 
Calcium bis(trifluoromethylsulfonyl)amide (171)
185
 
 
 
 
CaCO3 (0.20 g, 2.0 mmol) was dissolved in water (10 mL) and bis(trifluoromethane)-
sulfonimide (1.1 g, 4.0 mmol) was added. The resulting clear solution was stirred at room 
temperature for 12 h. After the solvent was removed by rotary evaporation, the white residue 
was washed twice with Et2O and dried under vacuum for 16 h to give calcium salt 171 
(0.64 g, 2.0 mmol, quant.) as a white crystalline solid: 
13
C NMR (101 MHz, MeOD-d4) δC 
119.9 (q, JC-F = 320 Hz, 2C); 
19
F NMR (377 MHz, CDCl3) δF -79.0; IR (neat) νmax 747, 800, 
1048, 1123, 1199, 1323, 1628, 1642 cm
-1
. 
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Calcium 4-methoxyphenolate (173) 
 
 
 
Calcium methoxide (0.31 g, 3.0 mmol) was added to p-methoxyphenol (0.75 g, 6.0 mmol) 
dissolved in THF (anhydrous, 50 mL). The resulting white suspension was stirred at room 
temperature for 12 h. The solvent was then removed under reduced pressure and the residue 
dried under vacuum for 16 h to yield calcium salt 173 (0.49 g, 3.0 mmol, quant.) as a 
brownish solid: mp > 190 °C (degradation); 
1
H NMR (400 MHz, DMSO-d6) δH 3.6 (s, 3H,  
-CH3), 6.55 (m, 2H, Har), 6.62 (m, 2H, Har); 
13
C NMR (101 MHz, DMSO-d6) δC 56.0, 115.0 
(2C), 117.6 (2C), 149.5, 159.6; IR (neat) νmax 733, 824, 1031, 1177, 1220, 1439, 1504, 
3395 cm
-1
. 
 
  
2
Ca2+
-O
O  
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12.3 Synthesis of α,β-unsaturated ketones 
 
4-Methylcyclohex-2-enone (181)
186
 
 
 
 
tert-BuOK (0.39 g, 3.5 mmol) was added in one portion to a stirred solution of ethyl-3-
oxobutanoate (9.1 g, 70 mmol) and methacrylate (5.8 mL, 70 mmol) in tert-BuOH (70 mL) at 
0 °C. The reaction mixture was stirred for a further 30 min at 0 °C followed by a second 
addition of tert-BuOK (1.6 g, 14 mmol). The mixture was then refluxed for 16 h. After 
cooling to room temperature, the reaction was quenched with aqueous HCl (1 M, 50 mL), 
diluted with a mixture of Et2O:benzene (1:1, 100 mL) and then washed with aqueous NaOH 
(2 M, 3 × 20 mL) and brine (2 × 20 mL). The combined organic layers were dried over 
MgSO4, filtered, and concentrated under reduced pressure. The crude product was purified by 
column chromatography on silica gel (PET:EtOAc, 5:1) to obtain enone 181 (3.1 g, 28 mmol, 
40 %) as a yellow oil: Rf 0.21 (4:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.16 (d, 
J = 7.3 Hz, 3H, -CH3), 1.65-1.69 (m, 1H), 2.05-2.10 (m, 1H), 2.30-2.37 (m, 1H), 2.45-2.59 
(m, 2H), 5.93 (ddd, J = 0.5, 1.9 and 10.0 Hz, 1H, -CH=CH-), 6.78 (ddd, J = 1.5, 3.0 and 
10.0 Hz, 1H, -CH=CH-); 
13
C NMR (101MHz, CDCl3) δC 20.2, 30.8, 31.1, 36.8, 128.6, 156.2, 
199.8; IR (neat) νmax 1019, 1240, 1373, 1458, 1679, 2961 cm
-1
; MS (EI+) m/z 110 [M]
+•
; 
HRMS (EI+) for C7H10O: calc. [M]
+•
 110.0732; found [M]
+•
 110.0729. 
 
 
(E)-Dodec-2-en-4-one (183)
187
 
 
 
 
trans-Crotonyl chloride (1.5 mL, 15 mmol) in CH2Cl2 (anhydrous, 5 mL) was added dropwise 
over 15 min to a suspension of AlCl3 (freshly ground, 2.0 g, 15 mmol) in CH2Cl2 (anhydrous, 
O
 
O
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12 mL) at -50 °C. The mixture was stirred for 45 min and then cooled to -30 °C. Trioctyl 
aluminium (13 mL, 6.0 mmol) in CH2Cl2 (anhydrous, 6 mL) was then added dropwise over 
30 min. The mixture was warmed to room temperature and stirred for a further 2 h before 
being slowly quenched with water (20 mL, portionwise). The organic layer was separated and 
the aqueous layer was extracted with E2O (3 × 15 mL). The combined organic layers were 
washed with aqueous NaHCO3 (5 %, 20 mL), water (20 mL), dried over MgSO4, and filtered. 
After removal of the solvent under reduced pressure, the crude product was purified by 
column chromatography on silica gel (PET:Et2O, 8:1 to 5:1) to obtain enone 183 (1.5 g, 
8.3 mmol, 55 %) as a clear liquid: Rf 0.44 (4:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) 
δH 0.84-0.88 (m, 3H), 1.26-1.28 (m, 12H), 1.89 (dd, J = 1.7 and 6.8 Hz, 3H), 2.50 (d, J = 
7.5 Hz, 2H), 6.10 (dq, J = 1.7 and 15.8 Hz, 1H), 6.84 (dq, J = 6.8 and 15. Hz, 1H); 
13
C NMR 
(101 MHz, CDCl3) δC 13.8, 17.9, 22.3, 24.0, 28.8, 29.0, 29.1, 31.5, 39.7, 131.6, 142.1, 200.6; 
IR (neat) νmax 1108, 1165, 1377, 1458, 1710, 2855, 2924 cm
-1
; MS (EI+) m/z 183 [M+H]
+
; 
HRMS (EI+) for C12H22O: calc. [M+H]
+
 183.1749; found: [M+H]
+
 183.1742. 
 
 
(E)-1-Phenylbut-2-en-1-one (184)
188
 
 
 
 
trans-Crotonyl chloride (3.1 mL, 32 mmol) was added dropwise over 5 min to a suspension of 
AlCl3 (freshly ground, 5.5 g, 41 mmol) in benzene (anhydrous, 20 mL) at room temperature. 
The reaction mixture was stirred for 15 min and then poured onto a mixture of ice (100 mL) 
and aqueous HCl (2 M, 50 mL). The resulting mixture was extracted with Et2O (3 × 30 mL) 
and the combined organic layers were washed with aqueous NaOH (2 M, 100 mL), dried over 
MgSO4, filtered, and concentrated under reduced pressure. The crude residue was purified by 
distillation (1 mbar, 90 °C; lit.: 85-90 °C, 2 mmHg) to yield enone 184 (1.1 g, 7.7 mmol, 
24 %) as a pale yellow oil: Rf 0.35 (4:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.99 
(dd, J = 1.7 and 6.9 Hz, 3H, -CH3), 6.90 (dq, J = 1.7 and 15.3 Hz, 1H, -CH=CH-), 7.05 (dq, 
J = 6.9 and 15.3 Hz, 1H, -CH=CH-), 7.43-7.56 (m, 3H, Har), 7.90-7.93 (m, 2H, Har); 
13
C NMR 
(101 MHz, CDCl3) δC 18.6, 127.5, 128.5 (2C), 128.6 (2C), 132.6, 137.8, 145.1, 190.8; IR 
O
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(neat) νmax 757, 963, 1218, 1294, 1622, 1667 cm
-1
; MS (EI+) m/z 147 [M+H]
+
; HRMS (EI+) 
for C10H10O: calc. [M+H]
+
 147.0810; found: [M+H]
+
 147.0807. 
 
 
(10R,13S,17S)-17-Methoxy-10,13-dimethyl-6,7,8,9,10,11,12,13,14,15,16,17-dodecahydro-1H-
cyclopenta[α]phenanthren-3(2H)-one (186) 
 
 
 
MeI (22 mL, 0.35 mol) was added to a solution of testosterone 185 (2.0 g, 7.0 mmol) in DMF 
(25 mL) at room temperature. The solution was then cooled to 0 °C and NaH (0.42 g, 
11 mmol) was added portionswise. After stirring at 0 °C for 5 h, the reaction was quenched 
with MeOH (30 mL) and water (50 mL). The organic layer was separated and the aqueous 
layer was extracted with EtOAc (3 × 50 mL). The combined organic layers were washed with 
brine (80 mL), dried over MgSO4, filtered, and concentrated under reduced pressure. 
Subsequent purification by column chromatography on silica gel (PET:EtOAc, 2:1 to 1:2) 
afforded enone 186 (2.1 g, 7.0 mmol, quant.) as a yellow solid which returned to white 
crystals after recrystallisation: mp 94-96 °C (recrystallised from pentane/CH2Cl2); Rf 0.09 
(4:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 0.78 (s, 3H, -CH3), 0.81-1.01 (m, 4H), 
1.17 (s, 3H, -CH3), 1.15-1.33 (m, 2H), 1.38-1.75 (m, 6H), 1.81-1.88 (m, 1H), 1.90-2.05 (m, 
2H), 2.18-2.42 (m, 3H), 3.20 (t, J = 7.7 Hz, 1H, -CHOCH3), 3.32 (s, 3H, -CH3), 5.70 (s, 1H,  
-CH=C-); 
13
C NMR (101 MHz, CDCl3) δC 11.5, 17.3, 20.7, 23.2, 27.6, 31.5, 32.8, 33.9, 35.4, 
35.7, 37.6, 38.6, 42.7, 50.7, 53.8, 57.8, 90.4, 123.8, 171.2, 199.5; IR (neat) νmax 865, 1099, 
1330, 1434, 1665, 2854, 2936 cm
-1
; MS (EI+) m/z 302 [M]
+•
; HRMS (EI+) for C20H30O2: 
calc. [M]
+•
 302.2246; found [M]
+•
 302.2252; Elemental analysis found: C, 79.34; H, 10.16; 
C20H30O2 requires: C, 79.42; H, 10.0 %. 
 
 
 
 
O
O
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(E)-4-(Furan-3’-yl)but-3-en-2-one (189a)189 
 
 
 
Following general procedure GP 8, an aqueous solution of NaOH (10 %, 0.25 mL) was added 
dropwise to a solution of 3-furanyl aldehyde (0.83 mL, 10 mmol) dissolved in acetone (2 mL, 
28 mmol) and water (1 mL) at 0 °C. The reaction was stirred at room temperature for 14 h. 
After purification by column chromatography on silica gel (pentane:Et2O + 5 % CH2Cl2, 4:1 
to 2:1), enone 189a (0.64 g, 4.7 mmol, 43 %) was isolated as a brownish oil: Rf 0.15 (4:1, 
pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 2.32 (s, 3H, -CH3), 6.41 (d, 1H, J = 16.0 Hz,  
-CH=CH-), 6.60 (m, 1H, Hhet), 7.41 (d, 1H, J = 16.0 Hz, -CH=CH-), 7.45 (m, 1H, Hhet), 7.65 
(s, 1H, Hhet); 
13
C NMR (101 MHz, CDCl3) δC 27.2, 107.5, 123.0, 127.2, 133.4, 144.7, 145.1, 
198.1. 
 
 
(E)-4-(1H-pyrrol-2-yl)but-3-en-2-one (189b)
190
 
 
 
 
Following general procedure GP 8, an aqueous solution of NaOH (10 %, 0.25 mL) was added 
dropwise to a solution of 1H-pyrrole-2-carbaldehyde (0.95 g, 10 mmol) dissolved in acetone 
(2.7 mL, 28 mmol) and water (1 mL) at 0 °C. The reaction was stirred at room temperature 
for 12 h. After purification by column chromatography on silica gel (pentane:Et2O + 2 % 
CH2Cl2, 1:1 to 1:2), enone 189b (1.2 g, 7.9 mmol, 64 %) was isolated as a yellow solid: mp 
100 °C; Rf 0.06 (3:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 2.36 (s, 3H, -CH3), 6.33 
(dd, J = 2.9 and 3.6 Hz, 1H, Hhet), 6.42 (d, J = 15.7 Hz, 1H, -CH=CH-), 6.62-6.66 (m, 1H, 
Hhet), 7.00-7.04 (m, 1H, Hhet), 7.45 (d, J = 15.7 Hz, 1H, -CH=CH-), 9.19 (br s, 1H, -NH-); 
13
C NMR (101 MHz, CDCl3) δC 27.0, 111.3, 115.8, 120.8, 123.5, 128.3, 133.6, 197.5; IR 
O
O  
O
NH  
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(neat) νmax 958, 1036, 1265, 1409, 2625, 3296 cm
-1
; MS (EI+) m/z 135 [M]
+•
, HRMS (EI+) for 
C8H9NO: calc. [M]
+•
 135.0684; found [M]
+•
 135.0687. 
 
 
(E)-1-Cyclopropyl-3-phenylprop-2-en-1-one (189c)
191
 
 
 
 
Following general procedure GP 8, an aqueous solution of NaOH (10 %, 0.25 mL) was added 
dropwise to a solution of benzaldehyde (1.0 mL, 10 mmol) and 1-cyclopropylethanone 
(2.7 mL, 28 mmol) in water (1 mL) at 0 °C. The reaction was then stirred at room temperature 
for 12 h. After purification by column chromatography on silica gel (pentane:Et2O + 5 % 
CH2Cl2, 2:1 to 1:2), enone 189c (0.85 g, 4.9 mmol, 49 %) was isolated as a yellowish oil: Rf 
0.06 (4:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 0.95-0.99 (m, 2H), 1.15-1.17 (m, 
2H), 2.22-2.27 (m, 1H), 6.86 (d, J = 16.2 Hz, 1H, -CH=CH-), 7.38-7.40 (m, 3H, Har), 7.55-
7.57 (m, 2H, Har), 7.63 (d, J = 16.2 Hz, 1H, -CH=CH-); 
13
C NMR (101 MHz, CDCl3) δC 11.3 
(2C), 19.6, 126.4, 128.2 (2C), 128.8 (2C), 130.2, 134.6, 141.9, 199.9; IR (neat) νmax 758, 
1085, 1203, 1383, 1449, 1609, 1644 cm
-1
; MS (EI+) m/z 172 [M]
+•
; HRMS (EI+) for 
C12H12O: calc. [M]
+•
 172.0888; found [M]
+•
 172.0875. 
 
 
(E)-4-Cyclohexylbut-3-en-2-one (189d)
192
 
 
 
 
Following general procedure GP 8, an aqueous solution of NaOH (10 %, 0.25 mL) was added 
dropwise to a solution of cyclohexanecarbaldehyde (1.2 mL, 10 mmol) dissolved in acetone 
(2.0 mL, 28 mmol) and water (1 mL) at 0 °C. The reaction was stirred at room temperature 
for 12 h. After purification by column chromatography on silica gel (pentane:Et2O + 5 % 
O
 
O
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CH2Cl2, 4:1 to 2:1), enone 189d (0.99 g, 6.5 mmol, 65 %) was isolated as a pale yellow oil: Rf 
0.10 (4:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.05-1.40 (m, 5H), 1.57-1.80 (m, 
5H), 2.08-2.17 (m, 1H), 2.24 (s, 3H, -CH3), 6.01 (dd, J = 6.8 and 16.1 Hz, 1H, -CH=CH-), 
6.73 (dd, J = 6.8 and 16.1 Hz, 1H, -CH=CH-); 
13
C NMR (101 MHz, CDCl3) δC 24.1, 25.9, 
26.5, 29.1, 31.8, 32.6, 40.6, 128.8, 153.6, 199.4; IR (neat) νmax 979, 1252, 1357, 1672, 2852, 
2925 cm
-1
; MS (EI+) m/z 152 [M]
+•
, 137 [M-CH3]
+
; HRMS (EI+) for C10H16O: calc. [M]
+•
 
152.1194; found [M]
+•
 152.1201. 
 
 
(E)-4-(Thiophen-3-yl)but-3-en-2-one (189e)
193
 
 
 
 
Following general procedure GP 8, an aqueous solution of NaOH (10 %, 0.25 mL) was added 
dropwise to a solution of 3-thiophenyl aldehyde (0.88 mL, 10 mmol) dissolved in acetone 
(2.0 mL, 28 mmol) and water (1 mL) at 0 °C. The reaction was then stirred at room 
temperature for 14 h. After purification by column chromatography on silica gel 
(pentane:Et2O + 5 % CH2Cl2, 4:1 to 2:1), enone 189e (0.91 g, 6.0 mmol, 60 %) was isolated 
as a pale brown solid: mp 38-40 °C; Rf 0.20 (2:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) 
δH 2.35 (s, 3H, -CH3), 6.55 (d, J = 16.4 Hz, 1H, -CH=CH-), 7.29-7.32 (m, 1H), 7.34-7.38 (m, 
1H), 7.51 (d, J = 16.4 Hz, 1H, -CH=CH-), 7.53-7.55 (m, 1H); 
13
C NMR (101 MHz, CDCl3) 
δC 27.4, 125.1, 127.0, 127.2, 128.6, 136.9, 137.7, 198.6; IR (neat) νmax 781, 973, 1251, 1611, 
1659, 3097 cm
-1
; MS (EI+) m/z 152 [M]
+•
, 137 [M-CH3]
+
; HRMS (EI+) for C8H8OS: calc. 
[M]
+•
 152.0296; found [M]
+•
 152.0295. 
 
  
O
S  
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(E)-3-Phenyl-1-(thiophen-3’-yl)prop-2-en-1-one (189f)194 
 
 
 
Following general procedure GP 9, an aqueous solution of NaOH (10 %, 0.25 mL) was added 
dropwise to a solution of benzaldehyde (1.1 mL, 11 mmol) and 1-(thiophen-3’-yl)ethanone 
(1.3 g, 10 mmol) in EtOH (5 mL) at 0 °C. The reaction mixture was stirred at room 
temperature for 12 h. After purification by column chromatography on silica gel 
(pentane:Et2O + 2 % CH2Cl2, 6:1 to 4:1), enone 189f (1.5 g, 6.8 mmol, 68 %) was isolated as 
a white crystalline solid: mp 95-98 °C; Rf 0.31 (4:1, pentane:Et2O); 
1
H NMR (400 MHz, 
CDCl3) δH 7.38 (dd, J = 3.0 and 5.1 Hz, 1H, Hhet), 7.41 (d, J = 15.8 Hz, 1H, -CH=CH-), 7.41-
7.44 (m, 3H, Har), 7.61-7.66 (m, 2H, Har), 7.68 (dd, J = 1.2 and 5.1 Hz, 1H, Hhet), 7.83 (d, J = 
15.8 Hz, 1H, -CH=CH-), 8.18 (dd, J = 1.0 and 2.9 Hz, 1H, Hhet); 
13
C NMR (101 MHz, 
CDCl3) δC 122.7, 126.5, 127.5, 128.4, 129.0 (2C), 130.5 (2C), 132.1, 134.8, 143.1, 144.1, 
184.0; IR (neat) νmax 759, 976, 1191, 1396, 1592, 1652, 3095 cm
-1
; MS (TOF MS ES+) m/z 
215 [M+H]
+
; HRMS (TOF MS ES+) for C13H10OS: calc. [M+H]
+
 215.0531; found [M+H]
+
 
215.0538; Elemental analysis found: C, 72.96; H, 4.77; C13H10OS requires: C, 72.87; H, 
4.70 %. 
 
 
(E)-4,4-Dimethyl-1-phenylpent-1-en-3-one (189g)
195
 
 
 
 
Following general procedure GP 9, an aqueous solution of NaOH (10 %, 0.25 mL) was added 
dropwise to a solution of benzaldehyde (1.1 mL, 11 mmol) and 3,3-dimethylbutan-2-one 
(1.3 mL, 10 mmol) in EtOH (5 mL) at 0 °C. The reaction mixture was stirred at room 
temperature for 14 h. After purification by column chromatography on silica gel 
(pentane:Et2O + 2 % CH2Cl2, 6:1 to 3:1), enone 189g (1.4 g, 7.5 mmol, 75 %) was isolated as 
O
S  
O
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a pale yellow oil: Rf 0.56 (1:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.23 (s, 9H,  
-C(CH3)3), 7.13 (d, J = 15.6 Hz, 1H, -CH=CH-), 7.36-7.41 (m, 3H, Har), 7.55-7.60 (m, 2H, 
Har), 7.69 (d, J = 15.6 Hz, 1H, -CH=CH-); 
13
C NMR (101 MHz, CDCl3) δC 26.3 (3C), 43.2, 
120.7, 128.2 (2C), 128.8 (2C), 130.2, 134.9, 142.9, 204.2; IR (neat) νmax 764, 1075, 1329, 
1609, 1682, 2968 cm
-1
; MS (TOF MS ES+) m/z 189 [M]
+•
; HRMS (TOF MS ES+) for 
C13H17O: calc. [M]
+•
 189.1279; found [M]
+•
 189.1276. 
 
 
(E)-4-(N-Methyl-pyrrol-2’-yl)but-3-en-2-one (189h)196 
 
 
 
Following general procedure GP 8, an aqueous solution of NaOH (10 %, 0.25 mL) was added 
dropwise to a solution of N-methyl-pyrrole-2-carbaldehyde (1.1 mL, 10 mmol) dissolved in 
acetone (2.7 mL, 28 mmol) and water (1 mL) at 0 °C. The reaction was stirred at room 
temperature for 12 h. After purification by column chromatography on silica gel 
(pentane:Et2O + 2 % CH2Cl2, 1:1 to 1:2), enone 189h (1.2 g, 7.9 mmol, 79 %) was isolated as 
a dark yellow oil: Rf 0.18 (1:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 2.30 (s, 3H,  
-CH3), 3.72 (s, 3H, -NCH3), 6.18 (dd, J = 2.9 and 3.6 Hz, 1H, Hhet), 6.50 (d, J = 15.7 Hz, 1H,  
-CH=CH-), 6.70 (dd, J = 1.4 and 4.0 Hz, 1H, Hhet), 6.77-6.80 (m, 1H, Hhet), 7.46 (d, J = 
15.7 Hz, 1H, -CH=CH-); 
13
C NMR (101 MHz, CDCl3) δC 28.2, 34.5, 109.7, 112.7, 121.6, 
127.8, 129.3, 130.8, 197.8; IR (neat) νmax 725, 963, 1058, 1265, 1480, 1583, 1611 cm
-1
; MS 
(EI+) m/z 149 [M]
+•
, 134 [M-CH3]
+
; HRMS (EI+) for C9H11NO: calc. [M]
+•
 149.0841; found 
[M]
+•
 149.0853. 
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(E)-4-(4-(Dimethylamino)phenyl)but-3-en-2-one (189i)
197
 
 
 
 
An aqueous solution of NaOH (10 %, 225 mL) was added to a solution of 
4-dimethylaminobenzaldehyde (2.2 g, 15 mmol) and acetone (8.8 mL, 0.12 mol) at 5 °C and 
the reaction mixture was stirred for 45 min at 5 °C. The resulting yellow solid was filtered, 
washed with water until the washings were neutral (pH paper) and dried under vacuum for 
14 h to give enone 189i (1.2 g, 6.6 mmol, 44 %) as a yellow solid: mp 100-102 °C 
(recrystallised from EtOH/pentane); Rf 0.06 (4:1, pentane:Et2O); 
1
H NMR (CDCl3, 400 MHz, 
CDCl3) δH 2.34 (s, 3H, -CH3), 3.02 (s, 6H, 2 × -CH3), 6.54 (d, J = 16.0 Hz, 1H, -CH=CH) 
6.67 (d, J = 8.8 Hz, 2H, Har), 7.43 (d, J = 8.8 Hz, 2H, Har), 7.46 (d, J = 16.0 Hz, 1H,  
-CH=CH); 
13
C NMR (101 MHz, CDCl3) δC 27.2, 40.1 (2C), 111.9 (2C), 122.0, 122.4, 130.1 
(2C), 144.4, 152.0, 198.5; IR (neat) νmax 803, 1167, 1354, 1575, 1671 cm
-1
; MS (EI+) m/z 189 
[M]
+•
, 174 [M-CH3]
+
; HRMS (EI+) for C12H15NO: calc. [M]
+•
 189.1154; found [M]
+•
 
189.1155. 
 
 
1-Phenylprop-2-en-1-one (230c)
198
 
 
 
 
Triethylamine (3.4 mL, 24 mmol) was added to a solution of 3-chloropropiophenone (1.7 g, 
10 mmol) in CH2Cl2 (23 mL) over 10 min and the reaction was stirred at room temperature 
for 12 h. The reaction mixture was then washed with aqueous HCl (2 M, 3 × 8 mL), saturated 
aqueous NaHCO3 (10 mL), and brine (10 mL). The organic layer was dried over MgSO4, 
filtered, and the solvent was removed under reduced pressure. Subsequent purification by 
Kugelrohr distillation (70 °C, 0.2 mbar) afforded enone 230c (1.0 g, 7.6 mmol, 76 %) as a 
O
N
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colourless oil, which was stored under argon at -20 °C: 
1
H NMR (400 MHz, CDCl3) δH 5.94 
(dd, J = 1.6 and 10.5 Hz, 1H, -CH=CH2), 6.44 (dd, J = 1.6 and 17.1 Hz, 1H, -CH=CH2), 7.17 
(dd, J = 10.5 and 17.1 Hz, 1H, -CH=CH2), 7.45-7.52 (m, 2H, Har), 7.55-7.61 (m, 1H, Har), 
7.93-7.97 (m, 2H, Har); 
13
C NMR (101MHz, CDCl3) δC 128.9 (2C), 129.0 (2C), 130.5, 132.6, 
133.3, 137.5, 191.4; IR (neat) νmax 687, 724, 963, 1230, 1402, 1607, 1671 cm
-1
; MS (EI+) m/z 
159 [M+C2H3]
+
; HRMS (EI+) for C9H8O: calc. [M]
+•
 132.0575; found [M]
+•
 132.0563. 
 
 
N-Methoxy-N-methylcinnamamide (231g)
199
 
 
 
 
Weinreb’s amine hydrochloride (1.3 g, 13 mmol) and DIPEA (1.9 mL, 13 mmol) was added 
to a solution of cinnamoyl chloride (2.0 g, 12 mmol) dissolved in CH2Cl2 (anhydrous, 48 mL) 
at 0 °C (ice bath). The reaction mixture was stirred at room temperature for 14 h before being 
extracted with water and brine. The organic layer was separated, dried over MgSO4, filtered, 
and concentrated under reduced pressure. The crude product was purified by column 
chromatography on silica gel (pentane:EtOAC; 2:1 to 1:2) to yield enone 231g (2.40 g, 
12.5 mmol, 95 %) as a colourless oil: Rf 0.06 (2:1, pentane:Et2O); 
1
H NMR (400 MHz, 
CDCl3) δH 3.32 (s, 3H, -CH3), 3.77 (s, 3H, -OCH3), 7.04 (d, J = 15.8 Hz, 1H,  
-CH=CH-), 7.32-7.38 (m, 3H, Har), 7.48-7.58 (m, 2H, Har), 7.74 (d, J = 15.8 Hz, 1H,  
-CH=CH-); 
13
C NMR (101MHz, CDCl3) δC 32.5, 61.9, 115.8, 128.2 (2C), 128.4 (2C), 129.9, 
135.2, 143.5, 167.0; IR (neat) νmax 760, 995, 1176, 1377, 1614, 1652 cm
-1
; MS (TOF MS 
ES+) m/z 224 [M+CH3OH]
+
, 192 [M]
+•
; HRMS (TOF MS ES+) for C11H14NO2: calc. [M]
+•
 
192.1013; found [M]
+•
 192.1025. 
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12.4 Calcium-mediated 1,2-reduction of α,β-unsaturated ketones 
 
Cyclopent-2-enol (152)
200
 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (6.1 g, 18 mmol) and cyclopenten-
2-one (1.5 mL, 18 mmol) in MeOH (4 mL) was added to a suspension of NaBH4 (2.7 g, 
72 mmol) in THF (140 mL) and the reaction was then stirred for 45 min at room temperature. 
Purification by column chromatography on silica gel (PET:Et2O, 4:1 to 2:1) yielded alcohol 
152 (1.2 g, 14 mmol, 75 %) as a colourless liquid in 92:8 ratio (allylic alc.:sat. alc.): Rf 0.17 
(4:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.46 (br s, 1H, -OH), 1.64-1.74 (m, 1H, 
Hcyc), 2.20-2.32 (m, 2H, Hcyc), 2.46-2.56 (m, 1H, Hcyc), 4.83-4.90 (m, 1H, -CHOH), 5.81-5.86 
(m, 1H, -CH=CH-), 5.97-6.10 (m, 1H, -CH=CH-); 
13
C NMR (101 MHz, CDCl3) δC 30.9, 
33.3, 77.7, 133.3, 135.2.; IR (neat) νmax 753, 1043, 1349, 1699, 2937, 3365 cm
-1
; MS (CI+) 
m/z 102 [M+NH4]
+
, 86 [M+2H]
2+
; HRMS (CI+) for C5H7O: calc. [M+NH4]
+
 102.0919; found 
[M+NH4]
+
 102.0931. 
 
 
3-Methylcyclopent-2-enol (191a)
201
 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and 3-methyl-2-
cyclopentenone (0.30 mL, 3.0 mmol) in MeOH (3 mL) was added to a suspension of NaBH4 
(0.45 g, 12 mmol) in THF (48 mL) and the reaction was stirred for 45 min at room 
temperature. Purification by column chromatography on silica gel (PET:Et2O, 4:1) provided 
alcohol 191a (0.26 g, 2.7 mmol, 90 %) as a colourless oil in 99:1 ratio (allylic alc.:sat. alc.): Rf 
0.22 (4:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.51 (br s, 1H, -OH), 1.65-1.74 (m, 
OH
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1H, Hcyc), 1.75 (s, 3H, -CH3), 2.04-2.45 (m, 3H, Hcyc), 4.57 (m, 1H, -CHOH), 5.44 (m, 1H,  
-CH=C-); 
13
C NMR (101 MHz, CDCl3) δC 16.4, 34.3, 35.1, 77.7, 127.7, 142.2; IR (neat) νmax 
1185, 1615, 1698, 2921, 3419 cm
-1
; MS (EI+) m/z 97 [M-H]
+
; HRMS (EI+) for C6H10O: calc. 
[M]
+•
 98.0732; found [M-H]
+
 97.0652 
 
 
(Z)-3-Methyl-2-(pent-2’-enyl)cyclopent-2-enol (191b)202 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and cis-jasmone 
(0.52 mL, 3.0 mmol) in MeOH (3 mL) was added to a suspension of NaBH4 (0.45 g, 
12 mmol) in THF (48 mL) and the reaction was stirred for 45 min at room temperature. 
Purification by column chromatography on silica gel (PET:Et2O, 4:1 to 2:1) provided alcohol 
191b (0.34 g, 2.1 mmol, 69 %) as a colourless oil in 98:2 ratio (allylic alc.:sat. alc.): Rf 0.29 
(2:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 0.98 (t, J = 6.7 Hz, 3H, -CH2CH3), 1.44 
(d, J = 6.7 Hz, 1H, -OH), 1.60-1.69 (m, 1H, Hcyc), 1.69 (s, 3H, -CH3), 2.10-2.25 (m, 4H,  
2 × Hcyc, -CH2-), 2.38-2.48 (m, 1H, Hcyc), 2.80-2.95 (m, 2H, -CH2-), 4.65-4.72 (m, 1H,  
-CHOH), 5.30-5.48 (m, 2H, -CH=CH-); 
13
C NMR (101 MHz, CDCl3) δC 14.5, 14.6, 20.8, 
20.9, 21.5, 31.2, 32.0, 34,6, 36.2, 53.8, 132.6; IR (neat) νmax 1046, 1241, 1383, 1638, 1697, 
2967, 3419 cm
-1
; MS (CI+) m/z 182 [M+CH4]
+
, 166 [M]
+•
. 
 
 
(Z)-Cyclohept-2-enol (191c)
203
 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and cyclohepten-
2-one (0.33 mL, 3.0 mmol) in MeOH (3 mL) was added to a suspension of NaBH4 (0.45 g, 
OH
 
OH
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12 mmol) in THF (48 mL) and the reaction was stirred for 45 min at room temperature. 
Purification by column chromatography on silica gel (PET:Et2O, 4:1) provided alcohol 191c 
(0.26 g, 2.3 mmol, 77 %) as a colourless liquid in 100:0 ratio (allylic alc.:sat. alc.): Rf 0.26 
(3:2, PET:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.30-2.05 (m, 8H, Hcyc), 2.14-2.21 (m, 1H,  
-OH), 4.39 (d, J = 8.1 Hz, 1H, -CHOH), 5.70-5.78 (m, 2H, -CH=CH-); 
13
C NMR (101 MHz, 
CDCl3) δC 26.7, 26.8, 28.6, 36.7, 72.1, 130.1, 137.8.; IR (neat) νmax 1027, 1265, 1446, 1655, 
2923, 3372 cm
-1
; MS (EI+) m/z 112 [M]
+•
; HRMS (EI+) for C7H12O: calc. [M]
+•
 112.0888; 
found [M]
+•
 112.0893. 
 
 
Cyclohex-2-enol (194a)
123
 
 
 
Following the general procedure GP 5, a solution of Ca(OTf)2 (1.7 g, 5.0 mmol) and 
cyclohexen-2-one (0.48 mL, 5.0 mmol) in MeOH (4 mL) was added in one portion to a 
suspension of NaBH4 (0.76 g, 20 mmol) in THF (48 mL) and the reaction was then stirred for 
45 min at room temperature. Purification by column chromatography on silica gel (PET:Et2O, 
2:1 to 3:2) provided alcohol 194a (2.8 g, 2.9 mmol, 96 %) as a colourless liquid in 99:1 ratio 
(allylic alc.:sat. alc.): Rf 0.20 (2:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.53 (br s, 
1H, -OH), 1.61-2.11 (m, 6H, Hcyc), 5.25 (m, 1H, -CHOH), 5.68 (m, 1H, -CH=CH-), 5.95 (m, 
1H, -CH=CH-); 
13
C NMR (101 MHz, CDCl3) δC 18.8, 21.4, 28.3, 68.1, 125.7, 132.7; 
IR (neat) νmax 907, 1029, 1234, 1370, 2937 3360 cm
-1
; MS (EI+) m/z 98 [M]
+•
; HRMS (EI+) 
for C6H10O: calc. [M]
+•
 98.0732; found [M]
+•
 98.0730. 
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3-Methylcyclohex-2-enol (194b)
204
 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and 3-methyl-2-
cyclohexenone (0.33 mL, 3.0 mmol) in MeOH (3 mL) was added to a suspension of NaBH4 
(0.45 g, 12 mmol) in THF (48 mL) and the reaction was stirred for 45 min at room 
temperature. Purification by column chromatography on silica gel (PET:Et2O, 4:1 to 2:1) 
provided alcohol 194b (0.26 g, 2.4 mmol, 79 %) as a colourless oil in 100:0 ratio (allylic 
alc.:sat. alc.): Rf 0.19 (4:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.48 (d, J = 5.7 Hz, 
1H, -OH), 1.54-1.59 (m, 2H, Hcyc), 1.67 (s, 3H, -CH3), 1.68-1.94 (m, 4H, Hcyc), 4.17 (m, 1H,  
-CHOH), 5.49 (m, 1H, -C=CH-); 
13
C NMR (101 MHz, CDCl3) δC 19.0, 23.6, 30.0, 31.6, 65.8, 
124.2, 138.6; IR (neat) νmax 956, 1013, 1280, 1437, 1671, 2930, 3322 cm
-1
; MS (EI+) m/z 112 
[M]
+•
; HRMS (EI+) for C7H12O: calc. [M]
+•
 112.0888; found [M]
+•
 112.0889. 
 
 
3,5-Dimethylcyclohex-2-enol (194c)
205
 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and 
3,5-dimethyl-2-cyclohexen-1-one (0.42 mL, 3.0 mmol) in MeOH (3 mL) was added to a 
suspension of NaBH4 (0.45 g, 12 mmol) in THF (36 mL) and the reaction was stirred for 
45 min at room temperature. Purification by column chromatography on silica gel (PET:Et2O, 
4:1 to 2:1) provided alcohol 194c (0.28 g, 2.2 mmol, 74 %) as a colourless oil in 100:0 ratio 
(allylic alc.:sat. alc.) and 5:95 ratio (cis:trans): Rf 0.40 (3:2, PET:Et2O); 
1
H NMR (400 MHz, 
CDCl3) δH 0.97 (d, J = 6.6 Hz, 3H, -CH3), 1.00-1.08 (m, 1H, Hcyc), 1.52 (br s, 1H, -OH), 1.55-
1.64 (m, 1H, Hcyc), 1.66 (s, 3H, -CH3), 1.68-1.77 (m, 1H, Hcyc), 1.89 (dd, J = 4.3 and 16.8 Hz, 
1H, Hcyc), 1.97-2.04 (m, 1H, Hcyc), 4.21-4.31 (m, 1H, -CHOH), 5.37 (m, 1H, -CH=C-); 
OH
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13
C NMR (101 MHz, CDCl3) δC 21.9, 23.2, 28.2, 38.8, 41.4, 68.5, 125.5, 136.9; IR (neat) νmax 
995, 1030, 1451, 2874, 2926, 3314 cm
-1
; MS (EI+) m/z 126 [M]
+•
; HRMS (EI+) for C8H14O: 
calc. [M]
+•
 126.1045; found [M]
+•
 126.1038. 
 
 
4,4-Dimethylcyclohex-2-enol (194d)
206
 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and  
4,4-dimethylcyclohexen-2-one (0.39 mL, 3.0 mmol) in MeOH (3 mL) was added to a 
suspension of NaBH4 (0.45 g, 12 mmol) in THF (36 mL) and the reaction was stirred for 45 
min at room temperature. Purification by column chromatography on silica gel (PET:Et2O, 
4:1 to 2:1) provided alcohol 194d (0.24 g, 1.9 mmol, 63 %) as a colourless oil in 100:0 ratio 
(allylic alc.:sat. alc.): Rf 0.31 (3:2, PET:Et2O); 
1
H NMR (400 MHz, CDCl3) δH (s, 3H, -CH3), 
1.01 (s, 3H, -CH3), 1.42 (ddd, J = 3.1, 9.8 and 13.2 Hz, 1H, Hcyc), 1.53-1.66 (m, 2H, Hcyc), 
1.67 (br s, 1H, -OH), 1.82-1.95 (m, 1H, Hcyc), 4.10-4.17 (m, 1H, -CHOH), 5.52 (d, J = 
10.0 Hz, 1H, -CH=CH-), 5.59 (dd, J = 3.0 and 10.0 Hz, 1H, -CH=CH-); 
13
C NMR (101 MHz, 
CDCl3) δC 29.0, 29.1, 29.2, 31.9, 33.6, 65.9, 127.3, 140.6; IR (neat) νmax 1035, 1172, 1360, 
1454, 2864, 2954, 3321 cm
-1
; MS (EI+) m/z 126 [M]
+•
; HRMS (EI+) for C8H14O: calc. [M]
+•
 
126.1045; found [M]
+•
 126.1043. 
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4-Methylcyclohex-2-enol (194e)
207
 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and enone 181 
(0.33 g, 3.0 mmol) in MeOH (3 mL) was added to a suspension of NaBH4 (0.45 g, 12 mmol) 
in THF (36 mL) and the reaction was then stirred for 45 min at room temperature. Purification 
by column chromatography on silica gel (PET:Et2O, 4:1 to 2:1) provided alcohol 194e 
(0.33 g, 2.9 mmol, 97 %) as a colourless oil in 100:0 ratio (allylic alc.:sat. alc.) and 1:3 ratio 
(cis:trans): Rf 0.17 (4:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 0.95 (d, J = 6.9 Hz, 
3H, -CH3), 1.08-1.80 (m, 4H, Hcyc), 2.00-2.08 (m, 1H, -CH-), 2.18-2.23 (m, 1H, -OH), 4.18-
4.25 (m, 1H, -CHOH), 5.62-5.70 (m, 2H, -CH=CH-); 
13
C NMR (101 MHz, CDCl3) δC 21.2, 
29.0, 30.2, 31.8, 66.8, 129.7, 135.9; IR (neat) νmax 1057, 1239, 1715, 2869, 2928, 3338 cm
-1
; 
MS (EI+) m/z 112 [M]
+•
; HRMS (EI+) for C7H12O: calc. [M]
+•
 112.0888; found [M]
+•
 
112.0894. 
 
 
4-tert-Butylcyclohex-2-enol (194f)
208
 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (0.34 g, 1.0 mmol) and 4-tert-
butylcyclohex-2-enone (0.15 g, 1.0 mmol) in MeOH (1 mL) was added to a suspension of 
NaBH4 (0.15 g, 4.0 mmol) in THF (12 mL) and the reaction was stirred for 45 min at room 
temperature. Purification by column chromatography on silica gel (PET:Et2O, 4:1 to 2:1) 
provided alcohol 194f (90 mg, 0.58 mmol, 58 %) as a colourless oil in 100:0 ratio (allylic 
alc.:sat. alc.) and 8:92 ratio (cis:trans): Rf 0.11 (4:1, pentane:Et2O); 
1
H NMR (400 MHz, 
OH
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CDCl3) δH 0.86 (s, 9H, -C(CH3)3), 1.23-1.40 (m, 2H, Hcyc), 1.50 (br s, 1H, -OH), 1.77-1.82 
(m, 1H), 1.88-1.91 (m, 1H), 2.12-2.17 (m, 1H), 4.17-4.23 (m, 1H, -CHOH), 5.70 (dd, J = 3.1 
and 10.1 Hz, 1H, -CH=CH-), 5.77 (m, 1H, -CH=CH-); 
13
C NMR (101 MHz, CDCl3) δC 22.6, 
24.3, 27.3 (3C), 27.7, 37.8, 46.8, 129.9, 153.0; IR (neat) νmax 876, 1054, 1365, 1450, 2866, 
2954, 3329 cm
-1
; MS (CI+) m/z 172 [M+NH4]
+
, 154 [M]
+•
, 137 [M-OH]
+
; HRMS (CI+) for 
C10H18O: calc. [M+NH4]
+
 172.1701; found [M+NH4]
+
 172.1705. 
 
 
Ethyl-4-hydroxy-2-methylcyclohex-2-enecarboxylate (194g)
209
 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and Hagemann’s 
ester (0.55 g, 3.0 mmol) in MeOH (3 mL) was added to a suspension of NaBH4 (0.45 g, 
12 mmol) in THF (48 mL) and the reaction was stirred for 45 min at room temperature. 
Purification by column chromatography on silica gel (PET:Et2O, 6:1 to 3:1) provided alcohol 
194g (0.29 g, 1.6 mmol, 52 %) as a colourless oil in 99:1 ratio (allylic alc.:sat. alc.): Rf 0.65 
(2:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.26 (t, J = 6.5 Hz, 3H, -CH3), 1.71 (s, 
3H, -CH3), 1.72-1.90 (m, 3H, Hcyc), 1.95-2.05 (m, 1H, Hcyc), 2.88-3.02 (m, 1H, -CH-, enolised 
proton), 4.14-4.17 (m, 2H, -CH2-), 4.23 (br s, 1H, -OH), 5.67 (m, 1H, -CH=C-); 
13
C NMR 
(101 MHz, CDCl3) δC 14.2, 22.1, 23.5, 29.2, 45.7, 60.7, 65.6, 128.1, 134.4, 174.2; IR (neat) 
νmax 1032, 1177, 1252, 1447, 1667, 1728, 2940, 3401 cm
-1
; MS (CI+) m/z 202 [M+NH4]
+
, 184 
[M]
+•
, 167 [M-OH]
+
; HRMS (CI+) for C10H16O2: calc. [M+NH4]
+
 202.1443; found [M+NH4]
+
 
202.1446. 
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(E)-5-Methylhex-3-en-2-ol (197a)
210
 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and  
(E)-5-methylhex-3-en-2-one (0.34 g, 3.0 mmol) in MeOH (3 mL) was added to a suspension 
of NaBH4 (0.45 g, 12 mmol) in THF (36 mL) and the reaction was stirred for 45 min at room 
temperature. Purification by column chromatography on silica gel (PET:Et2O, 4:1) provided 
alcohol 197a (0.21 g, 1.8 mmol, 61 %) as a colourless oil in 99:1 ratio (allylic alc.:sat. alc.): 
Rf 0.56 (3:2, PET:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 0.98 (d, J = 6.7 Hz, 6H, -CH(CH3)2), 
1.25 (d, J = 6.3 Hz, 3H, -CHCH3), 1.74 (br s, 1H, -OH), 2.20-2.32 (m, 1H, -CH-), 4.24 (quint, 
J = 6.3 Hz, 1H, -CHOH), 5.45 (dd, J = 6.6 and 15.5 Hz, 1H, -CH=CH-), 5.60 (dd, J = 6.4 and 
15.5 Hz, 1H, -CH=CH-); 
13
C NMR (101 MHz, CDCl3) δC 22.2, 23.4, 30.5, 38.0, 69.0, 131.1, 
138.1; IR (neat) νmax 969, 1057, 1366, 1460, 2869, 2963, 3341 cm
-1
; MS (CI+) m/z 114 [M]
+•
; 
HRMS (CI+) for C7H14O: calc. [M+NH4]
+
 132.1388; found [M+NH4]
+
 132.1397. 
 
 
(E)-Dodec-2-en-4-ol (197b)
211
 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and enone 183 
(0.55 g, 3.0 mmol) in MeOH (3 mL) was added to a suspension of NaBH4 (0.45 g, 12 mmol) 
in THF (48 mL) and the reaction was stirred for 45 min at room temperature. Purification by 
column chromatography on silica gel (PET:Et2O, 4:1) provided alcohol 197b (0.35 g, 
2.1 mmol, 71 %) as a colourless oil in 99:1 ratio (allylic alc.:sat. alc.): Rf 0.24 (4:1, 
pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 0.87 (t, J = 6.7 Hz, 3H, -CH2CH3), 1.20-1.31 
(m, 14H, Halk), 1.42 (br s, 1H, -OH), 1.69 (dd, J = 1.4 and 6.6 Hz, 3H, =CHCH3), 4.02 (dt, J = 
6.6 and 6.7 Hz, 1H, -CHOH), 5.47 (ddq, J = 1.4, 7.2 and 15.1 Hz, 1H, -CH=CH-), 5.65 (dq, 
J = 6.3 and 15.1 Hz, 1H, -CH=CH-); 
13
C NMR (101 MHz, CDCl3) δC 14.1, 17.7, 22.7, 25.5, 
OH
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29.3, 29.6 (2C), 31.9, 37.3, 71.8, 126.8, 134.3; IR (neat) νmax 964, 1006, 1456, 2854, 2923, 
3341 cm
-1
; MS (CI+) m/z 202 [M+NH4]
+
, 184 [M]
+•
; HRMS (CI+) for C12H24O: calc. 
[M+NH4]
+
 202.2171; found [M+NH4]
+
 202.2164. 
 
 
1-Cyclohexen-1’-ylethanol (197c)212 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and 
1-cyclohexen-1’-ylethanone (0.37 g, 3.0 mmol) in MeOH (3 mL) was added to a suspension 
of NaBH4 (0.45 g, 12 mmol) in THF (48 mL) and the reaction was stirred for 45 min at room 
temperature. Purification by column chromatography on silica gel (PET:Et2O, 4:1 to 2:1) 
provided alcohol 197c (0.19 g, 1.5 mmol, 50 %) as a colourless oil in 100:0 ratio (allylic 
alc.:sat.alc.): Rf 0.12 (4:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.26 (d, J = 6.5 Hz, 
3H, -CH3), 1.44 (br s, 1H, -OH), 1.52-1.66 (m, 4H, Hcyc), 1.95-2.03 (m, 4H, Hcyc), 4.14-4.16 
(m, 1H, -CHOH), 5.65-5.67 (m, 1H, -CH=C); 
13
C NMR (101 MHz, CDCl3) δC 21.4, 22.5, 
22.9, 23.6, 24.9, 72.2, 121.6, 141.5; IR (neat) νmax 847, 917, 1059, 1292, 1438, 1660, 2927, 
3347 cm
-1
; MS (EI+) m/z 126 [M]
+•
; HRMS (EI+) for C8H14O: calc. [M]
+•
 126.1045; found 
[M]
+•
 126.1040. 
 
 
(E)-4-(2’,6’,6’-Trimethylcyclohex-1-enyl)but-3-en-2-ol (197d)208 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and β-ionone 
(0.61 mL, 3.0 mmol) in MeOH (3 mL) was added to a suspension of NaBH4 (0.45 g, 
12 mmol) in THF (36 mL) and the reaction was stirred for 45 min at room temperature. 
OH
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Purification by column chromatography on silica gel (PET:Et2O, 4:1 to 2:1) provided alcohol 
197d (0.54 g, 2.8 mmol, 93 %) as a colourless oil in 99:1 ratio (allylic alc.:sat. alc.): Rf 0.37 
(3:2, PET:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.00 (d, J = 2.2 Hz, 3H, -CH3), 1.04 (d, J = 
4.9 Hz, 3H, -CH3), 1.30 (d, J = 6.3 Hz, 3H, -CH3), 1.47 (m, 2H, Hcyc), 1.51 (br s, 1H, -OH), 
1.63 (m, 2H, Hcyc), 1.70 (d, J = 11.6 Hz, 3H, -CH3), 1.98 (m, 2H, Hcyc), 4.10 (m, 1H,  
-CHOH), 5.36 (dd, J = 7.6 and 16.0 Hz, 1H, -CH=CH-), 6.00 (d, J = 16.0 Hz, 1H, -CH=CH-); 
13
C NMR (101 MHz, CDCl3) δC 19.2, 21.3, 23.5 (2C), 28.7, 32.6, 33.9, 39.3, 69.5, 127.5, 
128.8, 136.6, 137.6; IR (neat) νmax 968, 1063, 1360, 1454, 1717, 2927, 3422 cm
-1
; MS (CI+) 
m/z 194 [M]
+•
, 177 [M-OH]
+
; HRMS (CI+) for C13H22O: calc. [M+H]
+
 195.1749; found 
[M+H]
+
 195.1734. 
 
 
(E)-4-Cyclohexylbut-3-en-2-ol (197e) 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (0.25 g, 0.73 mmol) and enone 
189d (0.11 g, 0.73 mmol) in MeOH (0.73 mL) was added to a suspension of NaBH4 (0.11 g, 
2.9 mmol) in THF (8.8 mL) and the reaction was then stirred for 45 min at room temperature. 
Purification by column chromatography on silica gel (pentane:Et2O, 5:1 to 4:1) provided 
alcohol 197e (94 mg, 0.61 mmol, 84 %) as a colourless oil in 100:0 ratio (allylic alc.:sat.alc.): 
Rf 0.24 (4:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.00-1.32 (m, 6H, Hcyc), 1.25 (d, 
J = 6.4 Hz, 3H, -CH3), 1.42 (br s, 1H, -OH), 1.61-1.75 (m, 4H, Hcyc), 1.87-1.98 (m, 1H, Hcyc), 
4.25 (dq, J = 6.4 and 6.6 Hz, 1H, -CHOH), 5.46 (ddd, J = 1.0, 6.6 and 15.6 Hz, 1H,  
-CH=CH-), 5.58 (dd, J = 6.4 and 15.6 Hz, 1H, -CH=CH-); 
13
C NMR (101 MHz, CDCl3) δC 
23.5, 26.0 (2C), 26.2, 32.8 (2C), 40.2, 69.2, 131.6, 136.9; IR (neat) νmax 968, 1063, 1449, 
2851, 2923, 3338 cm
-1
; MS (CI+) m/z 172 [M+NH4]
+
, 155 [M+H]
+
; HRMS (CI+) for 
C10H18O+NH4: calc. [M+NH4]
+
 172.1701; found [M+NH4]
+
 172.1714. 
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(6R)-6-Isopropyl-3-methylcyclohex-2-enol (200a)
213
 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and enone 199a 
(0.49 mL, 3.0 mmol) in MeOH (3 mL) was added to a suspension of NaBH4 (0.45 g, 
12 mmol) in THF (48 mL) and the reaction was then stirred for 45 min at room temperature. 
Purification by column chromatography on silica gel (PET:Et2O, 4:1 to 2:1) provided alcohol 
200a (0.12 g, 0.78 mmol, 26 %) as a colourless oil in 100:0 ratio (allylic alc.:sat. alc.): 
52:48 dr; Rf 0.18 (4:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 0.83 (d, J = 6.9 Hz, 3H,  
-CH3), 0.84 ( 0.96 (d, J = 6.9 Hz, 3H, -CH3), 1.08 (d, J = 6.9 Hz, 1H, -OH), 1.26-1.38 (m, 1H, 
-CH-); 1.60-1.67 (m, 1H, -CH-); 1.69 (s, 3H, -CH3), 1.69-1.78 (m, 2H, Hcyc), 1.92-2.04 (m, 
2H), 3.97-4.05 (m, 1H, -CHOH), 5.35-5.40 (m, 1H, -CH=C-); 
13
C NMR (101 MHz, CDCl3) 
δC 17.3, 20.6, 21.0, 21.2, 28.4, 31.5, 46.2, 65.0, 123.6, 139.7; IR (neat) νmax 985, 1026, 1385, 
1433, 2870, 2929, 2056, 3320 cm
-1
; MS (EI+) m/z 154 [M]
+•
; HRMS (EI+) for C10H18O: calc. 
[M]
+•
 154.1596; found [M]
+•
 154.1598.
* 
 
*
 Yield and analytical data for trans-isomer; cis-isomer was not isolated. 
 
 
(5R)-3-Methyl-5-(prop-1’-en-2’-yl)cyclohex-2-enol (200b)214 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and  
(R)-(-)-carvone (0.47 mL, 3.0 mmol) in MeOH (3 mL) was added to a suspension of NaBH4 
(0.45 g, 12 mmol) in THF (48 mL) and the reaction was stirred for 45 min at room 
temperature. Purification by column chromatography on silica gel (PET:Et2O, 6:1 to 4:1) 

OH
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provided alcohol 200b (0.44 g, 2.9 mmol, 98 %) as a colourless oil in 97:3 ratio (allylic 
alc.:sat. alc.): 94:6 dr; Rf 0.38 (7:3, PET:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.51-1.57 (m, 
2H, -OH, -CH-), 1.74 (s, 3H, -CH3), 1.76 (s, 3H, -CH3), 1.90-1.99 (m, 1H, Hcyc), 2.00-2.10 
(m, 1H, Hcyc), 2.12-2.19 (m, 1H, Hcyc), 2.20-2.30 (m, 1H, Hcyc), 4.18 (d, J = 5.1 Hz, 1H,  
-CHOH), 4.73 (m, 2H, =CH2), 5.50 (m, 1H, -CH-); 
13
C NMR (101 MHz, CDCl3) δC 19.0, 
20.6, 31.0, 38.0, 40.4, 70.9, 109.1, 123.5, 136.1, 149.0; IR (neat) νmax 887, 1035, 1374, 1437, 
1645, 2918, 3339 cm
-1
; MS (EI+) m/z 152 [M+H]
+
; HRMS (EI+) for C10H16O: calc. [M+H]
+
 
152.1201; found [M+H]
+
 152.1205. 
 
 
(5R)-5-Methyl-2-(propan-2’-ylidene)cyclohexanol (200c)215 
 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and  
(R)-(+)-pulegone (0.49 mL, 3.0 mmol) in MeOH (3 mL) was added to a suspension of NaBH4 
(0.45 g, 12 mmol) in THF (48 mL) and the reaction was stirred for 45 min at room 
temperature. Purification by column chromatography on silica gel (PET:Et2O, 4:1 to 2:1) 
provided alcohol 200c (0.38 g, 2.5 mmol, 82 %) as a colourless oil in 99:1 ratio (allylic 
alc.:sat. alc.): 100:0 dr; Rf 0.18 (4:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.10 (d,  
J = 6.0 Hz, 3H, -CH3), 1.21 (br s, 1H, -OH), 1.40-1.47 (m, 1H, Hcyc), 1.52-1.60 (m, 2H, Hcyc), 
1.68 (s, 3H, -CH3), 1.70-1.73 (m, 1H, Hcyc), 1.77 (d, J = 2.0 Hz, 3H, -CH3), 1.75-1.82 (m, 1H, 
Hcyc), 2.19-2.26 (m, 1H, Hcyc), 2.29-2.37 (m. 1H, Hcyc), 4.70 (t, J = 2.6 Hz, 1H, -CHOH); 
13
C NMR (101 MHz, CDCl3) δC 19.8, 20.6, 21.6, 22.1, 26.7, 31.9, 39.4, 68.3, 118.5, 126.7.; 
IR (neat) νmax 948, 1024, 1152, 1456, 1711, 2923, 3391 cm
-1
; MS (EI+) m/z 154 [M+H]
+
; 
HRMS (EI+) for C10H18O: calc. [M+H]
+
 154.1358; found [M+H]
+
 154.1357. 
 
 
 

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(1S,4R)-3-Methylenebicyclo[2.2.1]heptan-2-ol (200d)
216
 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and 
3-methylene-2-norbornanone (0.37 mL, 3.0 mmol) in MeOH (3 mL) was added to a 
suspension of NaBH4 (0.45 g, 12 mmol) in THF (48 mL) and the reaction was stirred for 
45 min at room temperature. Purification by column chromatography on silica gel (PET:Et2O, 
4:1) provided alcohol 200d (0.27 g, 2.2 mmol, 72 %) as a colourless oil in 100:0 ratio (allylic 
alc.:sat. alc.): 100:0 dr; Rf 0.20 (4:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 0.84-0.86 
(m, 1H, Hcyc), 1.31-1.49 (m, 3H, Hcyc), 1.66-1.83 (m, 3H, Hcyc), 2.36-2.40 (m, 1H, Hcyc), 2.71 
(d, J = 3.3 Hz, 1H, -OH), 4.33-4.38 (m, 1H, -CHOH), 4.92 (dd, J = 2.1 and 17.0 Hz, 2H, 
=CH2); 
13
C NMR (101 MHz, CDCl3) δC 19.2, 31.2, 35.5, 42.5, 45.1, 75.7, 104.3, 158.4;  
IR (neat) νmax 1020, 1247, 1365, 1666, 2944, 3420 cm
-1
; MS (CI+) m/z 124 [M+H]
+
. 
 
 
4,6,6-Trimethylbicyclo[3.1.1]hept-3-en-2-ol (200e)
217
 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and  
(1S)-(-)-verbenone (0.39 mL, 3.0 mmol) in MeOH (3 mL) was added to a suspension of 
NaBH4 (0.45 g, 12 mmol) in THF (36 mL) and the reaction was stirred for 45 min at room 
temperature. Purification by column chromatography on silica gel (PET:Et2O, 4:1 to 3:1) 
provided alcohol 200e (0.24 g, 1.6 mmol, 52 %) as a white solid in 99:1 ratio (allylic alc.:sat. 
alc.): 91:9 dr; mp 60-63 °C; Rf 0.50 (3:2, PET:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.07 (s, 
3H, -CH3), 1.30 (d, J = 9.0 Hz, 1H, -CH-), 1.34 (s, 3H, -CH3), 1.62 (br s, 1H, -OH), 1.73 (d,  
J = 1.7 Hz, 3H, -CH3), 1.97 (dd, J = 5.4 and 5.5 Hz, 1H, -CH2-), 2.29 (m, 1H, -CH-), 2.44 (m, 
1H, -CH2-), 4.42-4.48 (m, 1H, -CHOH), 5.33-5.41 (m, 1H, -CH=C-); 
13
C NMR (101 MHz, 
CDCl3) δC 22.6, 26.9 (2C), 35.6, 39.0, 47.7, 48.2, 73.6, 119.3, 147.2; IR (neat) νmax 1007, 
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1043, 1288, 1438, 2919, 3328 cm
-1
; MS (CI+) m/z 152 [M+H]
+
, 135 [M-OH]
+
; HRMS (CI+) 
for C10H16O: calc. [M+H]
+
 152.1439; found [M+H]
+
 152.1438. 
 
 
(10R,13S,17S)-10,13-Dimethyl-2,3,6,7,8,9,10,11,12,13,14,15,16,17-tetradecahydro-1H-
cyclopenta[α]phenanthrene-3,17-diol (200f)218 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and testosterone 
185 (0.87 g, 3.0 mmol) in MeOH (3 mL) was added to a suspension of NaBH4 (0.45 g, 
12 mmol) in THF (48 mL) and the reaction was stirred for 45 min at room temperature. 
Purification by column chromatography on silica gel (PET:EtOAc, 1:2) provided alcohol 200f 
(0.75 g, 2.6 mmol, 86 %) as a white solid in 99:1 ratio (allylic alc.:sat. alc.): 93:7 dr; mp 120-
124 °C; Rf 0.21 (1:2, PET:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 0.65 (s, 3H, -CH3), 0.85-
2.10 (m, 18H, Hcyc), 0.98 (s, 3H, -CH3), 3.07 (d, J = 6.7 Hz, 1H, Hcyc), 3.18-3.22 (m, 1H, 
Hcyc), 3.92-3.97 (m, 1H,-CHOH), 4.38 (d, J = 6.7 Hz, 1H, -OH), 4.45 (d, J = 6.5 Hz, 1H,  
-OH), 5.17 (m, 1H, -CH=C); 
13
C NMR (101 MHz, CDCl3) δC 11.0, 18.9, 20.6, 23.3, 29.4, 
30.4, 32.0, 32.6, 35.4, 36.0, 36.6, 37.4, 42.8, 50.7, 54.4, 67.9, 81.8, 123.5, 147.4; IR (neat) 
νmax 1012, 1054, 1435, 2847, 2929, 3307 cm
-1
; MS (TOF MS ES+) m/z 290 [M+H]
+
, 273  
[M-OH]
+
; Elemental analysis found: C, 78.78; H, 9.91; C19H30O2 requires: C, 78.57; H,  
10.41 %. 
 
  

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(10R,13S,17S)-17-Methoxy-10,13-dimethyl-2,3,6,7,8,9,10,11,12,13,14,15,16,17-
tetradecahydro-1H-cyclopenta[α]phenanthren-3-ol (200g) 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and testosterone-
17-methylether 186 (0.46 g, 3.0 mmol) in MeOH (3 mL) was added to a suspension of NaBH4 
(0.45 g, 12 mmol) in THF (48 mL) and the reaction was stirred for 45 min at room 
temperature. Purification by column chromatography on silica gel (PET:EtOAc, 2:1 to 1:1) 
provided alcohol 200g (0.81 g, 2.7 mmol, 89 %) as a white solid in 99:1 ratio (allylic alc.:sat. 
alc.): 92:8 dr; mp 118-120 °C; Rf 0.41 (1:2, PET:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 0.77 
(s, 3H, -CH3), 1.05 (s, 3H, -CH3), 0.70-2.19 (m, 20H, 19 × Hcyc, -OH), 3.20 (t, J = 6.5 Hz, 1H, 
-CHOCH3), 3.34 (s, 3H, -OCH3), 4.13, (m, 1H, -CHOH), 5.28 (d, J = 1.5 Hz, 1H, -CH=C-); 
IR (neat) νmax 856, 1040, 1095, 1407, 2847, 2928, 3416 cm
-1
; MS (EI+) m/z 304 [M+H]
+
; 
HRMS (EI+) for C20H32O2: calc. [M+H]
+
 304.2402; found [M+H]
+
 304.2415; Elemental 
analysis found: C, 77.21; H, 9.76; C20H32O2 requires: C, 78.90; H, 10.59 %. 
 
 
(E)-1-Phenylbut-2-en-1-ol (203a)
219
 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and enone 184 
(0.44 g, 3.0 mmol) in MeOH (3 mL) was added to a suspension of NaBH4 (0.45 g, 12 mmol) 
in THF (36 mL) and the reaction was stirred for 45 min at room temperature. Purification by 
column chromatography on silica gel (PET:Et2O, 4:1 to 2:1) provided alcohol 203a (0.34 g, 
2.8 mmol, 76 %) as a yellowish oil in 74:26 ratio (allylic alc.:sat. alc.): Rf 0.14 (4:1, 
pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.76 (d, J = 6.0 Hz, 3H, -CH3), 1.91 (br s, 1H, 

HO
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-OH), 5.19 (d, J = 6.0 Hz, 1H, -CH=CH-), 5.70-5.80 (m, 2H, -CH=CH- and -CHOH), 7.29-
7.33 (m, 1H, Har), 7.37-7.40 (m, 4H, Har); 
13
C NMR (101 MHz, CDCl3) δC 17.7, 75.2, 125.9, 
126.0, 127.5, 128.4, 129.5 (2C), 133.6, 143.2; IR (neat) νmax 758, 1026, 1453, 2958,  
3370 cm
-1
; MS (ESI+) m/z 148 [M]
+•
; HRMS (ESI+) for C10H12O: calc. [M]
+•
 148.0888; 
found [M]
+•
 148.0896. 
 
 
(E)-1,3-Diphenylprop-2-en-1-ol (203b)
220
 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and chalcone 65 
(0.62 g, 3.0 mmol) in MeOH (3 mL) was added to a suspension of NaBH4 (0.45 g, 12 mmol) 
in THF (36 mL) and the reaction was stirred for 45 min at room temperature. Purification by 
column chromatography on silica gel (PET:Et2O + 1 % CH2Cl2, 4:1) provided alcohol 203b 
(0.28 g, 1.3 mmol, 44 %) as a colourless oil in 99:1 ratio (allylic alc.:sat. alc.): Rf 0.50 (3:2, 
PET:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 2.10 (d, J = 3.5 Hz, 1H, -OH), 5.43 (dd, J = 2.8 
and 6.3 Hz, 1H, -CHOH), 6.43 (dd, J = 6.4 and 15.7 Hz, 1H, -CH=CH-), 6.73 (d, J = 15.7 Hz, 
1H, -CH=CH-), 7.28-7.49 (m, 10H, Har); 
13
C NMR (101 MHz, CDCl3) δC 75.1, 126.3, 126.6 
(2C), 127.7 (2C), 127.8, 128.5 (2C), 128.6 (2C), 130.5, 131.5, 136.5, 142.7; MS (EI+) m/z 
210 [M]
+•
; HRMS (EI+) for C15H14O: calc. [M]
+•
 210.1045; found [M]
+•
 210.1053. 
 
 
(E)-1,3-Bis(4’-chlorophenyl)prop-2-en-1-ol (203c)221 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and trans-4,4’-
dichlorochalcone (0.38 g, 3.0 mmol) in MeOH (3 mL) was added to a suspension of NaBH4 
OH
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(0.45 g, 12 mmol) in THF (48 mL) and the reaction was stirred for 45 min at room 
temperature. Purification by column chromatography on silica gel (PET:Et2O + 1 % CH2Cl2, 
6:1 to 4:1) provided alcohol 203c (0.33 g, 1.2 mmol, 39 %) as a yellowish oil in 99:1 ratio 
(allylic alc.:sat. alc.): Rf 0.37 (3:2, PET:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.59 (br s, 1H, 
-OH), 5.01 (dd, J = 6.8 and 17.8 Hz, 1H, -CHOH), 6.25 (ddd, J = 6.8, 16.0 and 17.8 Hz, 1H,  
-CH=CH-), 6.52 (dd, J = 7.1 and 16.0 Hz, 1H, -CH=CH-), 7.28-7.41 (m, 8H, Har); 
13
C NMR 
(101 MHz, CDCl3) δC 78.6, 127.8 (2C), 128.4, 128.7 (2C), 128.8, 129.0, 129.6, 130.1, 130.7, 
133.6, 134.7, 139.1, 143.8; IR (neat) νmax 813, 1012, 1087, 1488, 1592, 3030, 3356 cm
-1
; MS 
(EI+) m/z 280 ([M]
+•
 for Cl
37
), 278 ([M]
+•
 for Cl
35
), 243 [M-Cl]
+
; HRMS (EI+) for 
C15H12OCl2: calc. [M]
+•
 278.0265; found [M]
+•
 278.0263. 
 
 
(E)-4-Phenylbut-3-en-2-ol (203d)
222
 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and trans-4-
phenyl-3-buten-2-one (0.44 g, 3.0 mmol) in MeOH (3 mL) was added to a suspension of 
NaBH4 (0.45 g, 12 mmol) in THF (36 mL) and the reaction was stirred for 45 min at room 
temperature. Purification by column chromatography on silica gel (PET:Et2O, 4:1) provided 
alcohol 203d (0.44 g, 2.9 mmol, 99 %) as a colourless oil in 100:0 ratio (allylic alc.:sat. alc.): 
Rf 0.40 (3:2, PET:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.39 (br s, 1H, -OH), 1.78 (m, 3H,  
-CH3), 4.51 (dq, J = 0.9 and 6.4 Hz, 1H, -CHOH), 6.28 (dd, J = 6.4 and 16.0 Hz, 1H,  
-CH=CH-), 6.58 (d, J = 16.0 Hz, 1H, -CH=CH-), 7.24-7.27 (m, 1H, Har), 7.31-7.36 (m, 2H, 
Har), 7.37-7.42 (m, 2H, Har); 
13
C NMR (101 MHz, CDCl3) δC 23.4, 69.0, 126.5, 127.7 (2C), 
128.6, 129.4 (2C), 132.9, 136.7; IR (neat) νmax 966, 1056, 1261, 1449, 2972, 3353 cm
-1
; MS 
(CI+) m/z 296 (2 × [M]
+•
), 148 [M]
+•
, 131 [M-OH]
+
; HRMS (CI+) for C10H12O: calc. [M]
+•
 
148.0888; found [M]
+•
 148.0893. 
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(E)-4,4-Dimethyl-1-phenylpent-1-en-3-ol (203e)
223
 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (0.25 g, 0.73 mmol) and enone 
189g (0.13 g, 0.73 mmol) in MeOH (0.73 mL) was added to a suspension of NaBH4 (0.11 g, 
2.9 mmol) in THF (8.8 mL) and the reaction was stirred for 45 min at room temperature. 
Purification by column chromatography on silica gel (pentane:EtOAc, 8:1 to 4:1) provided 
alcohol 203e (0.13 g, 0.69 mmol, 94 %) as a colourless oil in 100:0 ratio (allylic alc.:sat.alc.): 
Rf 0.60 (2:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.00 (s, 9H, -C(CH3)3), 1.86 
(br s, 1H, -OH), 3.94 (dd, J = 2.7 and 7.2 Hz, 1H, -CHOH), 6.31, (dd, J = 7.2 and 15.9 Hz, 
1H, -CH=CH-), 6.59 (d, J = 15.9 Hz, 1H, -CH=CH-), 7.22-7.45 (m, 5H, Har); 
13
C NMR 
(101 MHz, CDCl3) δC 25.8 (3C), 35.2, 80.9, 126.4 (2C), 127.5, 128.5 (2C), 129.5, 131.7, 
136.8; IR (neat) νmax 691, 966, 1071, 1295, 1493, 2954, 3417 cm
-1
; MS (EI+) m/z 190 [M]
+•
, 
133 [M-C(CH3)3]
+
; HRMS (EI+) for C13H18O: calc. [M]
+•
 190.1358; found [M]
+•
 190.1357. 
 
 
(E)-1-Cyclopropyl-3-phenylprop-2-en-1-ol (203f)
224
 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (0.20 g, 0.58 mmol) and enone 
189c (0.10 g, 0.58 mmol) in MeOH (0.58 mL) was added to a suspension of NaBH4 (88 mg, 
2.3 mmol) in THF (7 mL) and the reaction was stirred for 45 min at room temperature. 
Purification by column chromatography on silica gel (pentane:Et2O, 4:1 to 2:1) provided 
alcohol 203f (78 mg, 0.45 mmol, 77 %) as a colourless oil in 100:0 ratio (allylic alc.:sat.alc.): 
Rf 0.20 (2:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 0.30-0.37 (m, 1H, Hcyc), 0.39-
0.46 (m, 1H, Hcyc), 0.54-0.64 (m, 2H, Hcyc) 1.05-1.14 (m, 1H, Hcyc), 1.76 (br s, 1H, -OH), 3.65 
(dd, J = 0.8 and 6.5 Hz, 1H, -CHOH), 6.32 (dd, J = 6.5 and 16.0 Hz, 1H, -CH=CH-), 6.61 (d, 
OH
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J = 16.0 Hz, 1H, -CH=CH-), 7.20-7.27 (m, 1H, Har), 7.29-7.35 (m, 2H, Har), 7.37-7.43 (m, 
2H, Har); 
13
C NMR (101 MHz, CDCl3) δC 2.3, 4.3, 16.2, 81.4, 126.4 (2C), 127.6, 128.6 (2C), 
129.7, 131.5, 136.9; IR (neat) νmax 745, 965, 1040, 1494, 3005, 3080, 3358 cm
-1
; MS (CI+) 
m/z 157 [M-OH]
+
; HRMS (CI+) for C12H13O: calc. [M-OH]
+
 157.1017; found [M-OH]
+
 
157.1015. 
 
 
(E)-4-(Benzo[δ],[1’,3’]dioxol-5’-yl)but-3-en-2-ol (203g)225 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and  
(E)-4-(benzo[δ],[1’,3’]dioxol-5’-yl)but-3-en-2-one (0.57 g, 3.0 mmol) in MeOH (3 mL) was 
added to a suspension of NaBH4 (0.45 g, 12 mmol) in THF (48 mL) and the reaction was 
stirred for 45 min at room temperature. Purification by column chromatography on silica gel 
(PET:Et2O, 4:1 to 2:1) provided alcohol 203g (0.37 g, 1.9 mmol, 64 %) as a colourless oil in 
100:0 ratio (allylic alc.:sat. alc.): Rf 0.26 (3:2, PET:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 
1.36 (d, J = 6.4 Hz, 3H, -CH3), 1.65 (br s, 1H, -OH), 4.46 (ddq, J = 0.8, 6.3 and 6.4 Hz, 1H,  
-CHOH), 5.95 (s, 2H, -CH2-), 6.09 (dd, J = 6.4 and 15.8 Hz, 1H, -CH=CH-), 6.47 (d, J = 
15.8 Hz, 1H, -CH=CH-), 6.70-6.84 (m, 2H, Har), 6.92 (d, J = 1.6 Hz, 1H, Har); 
13
C NMR 
(101 MHz, CDCl3) δC 23.5, 69.0, 101.1, 105.7, 108.3, 121.2, 129.2, 131.2, 131.8, 147.3, 
148.0; IR (neat) νmax 927, 1035, 1248, 1444, 1487, 2889, 2971, 3363 cm
-1
; MS (EI+) m/z 192 
[M]
+•
; HRMS (EI+) for C11H12O3: calc. [M]
+•
 192.0786; found [M]
+•
 192.0778. 
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(E)-4-(4’-(Dimethylamino)phenyl)but-3-en-2-ol (203i) 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (1.0 g, 3.0 mmol) and enone 189i 
(0.57 g, 3.0 mmol) in MeOH (3 mL) was added to a suspension of NaBH4 (0.45 g, 12 mmol) 
in THF (36 mL) and the reaction was then stirred for 45 min at room temperature. Purification 
by column chromatography on silica gel (PET:Et2O, 2:1 to 1:2) provided alcohol 203i (0.30 g, 
1.6 mmol, 52 %) as a bright yellow solid in 99:1 ratio (allylic alc.:sat. alc.): mp 84-86 °C; Rf 
0.09 (2:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.38 (d, J = 6.3 Hz, 3H, -CH3), 1.55 
(d, J = 3.8 Hz, 1H, -OH), 2.99 (s, 6H, -N(CH3)2), 4.45-4.52 (m, 1H, -CHOH), 6.09 (dd, J = 
6.9 and 15.9 Hz, 1H, -CH=CH-), 6.50 (d, J = 15.9 Hz, 1H, -CH=CH-), 6.70 (d, J = 8.8 Hz, 
2H, Har), 7.30 (d, J = 8.8 Hz, 2H, Har); 
13
C NMR (101 MHz, CDCl3) δC 23.5, 40.5 (2C), 69.5, 
112.4 (2C), 127.4 (3C), 129.2, 129.7, 150.2; IR (neat) νmax 802, 1058, 1354, 1520, 1608, 
2882, 3432 cm
-1
; MS (EI+) m/z 191 [M]
+•
; HRMS (EI+) for C12H17NO: calc. [M]
+•
 191.1310; 
found [M]
+•
 191.1306. 
 
 
(E)-4-(N-Methyl-pyrrol-2-yl)but-3-en-2-ol (203j)
196 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (0.25 g, 0.73 mmol) and enone 
189h (0.11 g, 0.73 mmol) in MeOH (0.73 mL) was added to a suspension of NaBH4 (0.11 g, 
2.9 mmol) in THF (8.8 mL) and the reaction was stirred for 45 min at room temperature. 
Purification by purification by column chromatography on silica gel (pentane:Et2O, 4:1 to 
2:1) provided alcohol 203j (44 mg, 0.33 mmol, 45 %) as a yellow oil in 100:0 ratio (allylic 
alc.:sat.alc.): Rf 0.29 (2:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.36 (d, J = 6.4 Hz, 
OH
N
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3H, -CH3), 3.62 (s, 3H, -NCH3), 4.44 (ddq, J = 1.1, 6.4 and 12.7 Hz, 1H, -CHOH), 6.03 (dd, 
J = 6.4 and 15.8 Hz, 1H, -CH=CH-), 6.08-6.10 (m, 1H, Hhet), 6.33 (dd, J = 1.6 and 3.7 Hz, 
1H, Hhet), 6.46 (d, J = 15.8 Hz, 1H, -CH=CH-), 6.53-6.60 (m, 1H, Hhet); 
13
C NMR (101 MHz, 
CDCl3) δC 22.3, 30.6, 69.2, 122.6, 123.2, 131.0, 131.5, 132.1, 137.0; IR (neat) νmax 757, 959, 
1302, 1450, 1648, 2968, 3362 cm
-1
; MS (CI+) m/z 174 [M+Na]
+
, 134 [M-OH]
+
; HRMS (CI+) 
for C9H12NO: calc. [M-OH]
+
 134.0970; found [M-OH]
+
 134.0964. 
 
 
(E)-4-(Thiophen-3’-yl)but-3-en-2-ol (203l) 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (0.25 g, 0.73 mmol) and enone 
189e (0.11 g, 0.73 mmol) in MeOH (0.73 mL) was added to a suspension of NaBH4 (0.11 g, 
2.9 mmol) in THF (8.8 mL) and the reaction was stirred for 45 min at room temperature. 
Purification by column chromatography on silica gel (pentane:Et2O, 6:1 to 4:1) provided 
alcohol 203l (67 mg, 0.49 mmol, 67 %) as a colourless oil in 100:0 ratio (allylic alc.:sat. alc.): 
Rf 0.54 (2:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.36 (d, J = 6.4 Hz, 3H, -CH3), 
1.61 (br s, 1H, -OH), 4.45 (d, J = 6.4 Hz, 1H, -CHOH), 6.12, (dd, J = 6.4 and 15.8 Hz, 1H,  
-CH=CH-), 6.58 (d, J = 15.8 Hz, 1H, -CH=CH-), 7.15 (dd, J = 0.9 and 3.0 Hz, 1H, Hhet), 7.20 
(dd, J = 1.2 and 5.2 Hz, 1H, Hhet), 7.27 (dd, J = 3.0 and 5.2 Hz, 1H, Hhet); 
13
C NMR 
(101 MHz, CDCl3) δC 22.3, 73.1, 122.0, 125.0, 125.1, 126.1, 132.0, 139.4; IR (neat) νmax 768, 
961, 1060, 1243, 1689, 2970, 3434 cm
-1
; MS (CI+) m/z 137 [M-OH]
+
; HRMS (CI+) for 
C8H10OS: calc. [M-OH]
+
 137.0425; found [M-OH]
+
 137.0430 
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(E)-3-Phenyl-1-(thiophen-3’-yl)prop-2-en-1-ol (203m) 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (0.25 g, 0.73 mmol) and enone 
189f (0.16 g, 0.73 mmol) in MeOH (0.73 mL) was added to a suspension of NaBH4 (0.11 g, 
2.9 mmol) in THF (8.8 mL) and the reaction was stirred for 45 min at room temperature. 
Purification by column chromatography on silica gel (pentane:Et2O, 5:1 to 4:1) provided 
alcohol 203m (0.12 g, 0.55 mmol, 76 %) as a colourless oil in 82:18 ratio (allylic alc.:sat.alc.): 
Rf 0.66 (2:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 2.04 (d, J = 3.8 Hz, 1H, -OH), 
5.47 (dd, J = 2.9 and 6.3 Hz, 1H, -CHOH), 6.42 (dd, J = 6.7 and 15.7 Hz, 1H, -CH=CH-), 
6.70 (d, J = 15.7 Hz, 1H, -CH=CH-), 7.13 (dd, J = 1.2, 5.0 Hz, 1H, Hhet), 7.25-7.35 (m, 5H,  
2 × Hhet, 3 × Har), 7.38-7.43 (m, 2H, Har); 
13
C NMR (101 MHz, CDCl3) δC 71.4, 121.4, 126.1, 
126.3, 126.6 (2C), 127.9, 128.6 (2C), 130.8, 130.9, 136.4, 144.2; IR (neat) νmax 692, 754, 966, 
1069, 1418, 3026, 3363 cm
-1
; MS (EI+) m/z 216 [M]
+•
; HRMS (EI+) for C13H12OS: calc. 
[M]
+•
 216.0609; found [M]
+•
 216.0618. 
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12.5 Calcium-mediated regioselective reduction of maleimides 
Synthesis of maleimides 
 
1-Benzyl-3-methyl-1H-pyrrole-2,5-dione (219a)
149
 
 
 
 
Benzylamine (1.2 mL, 11 mmol) was carefully added to citraconic anhydride (1.0 mL, 
11 mmol) at room temperature and the reaction mixture was heated at 120 °C for 18 h. After 
the reaction was allowed to cool to room temperature, purification by column chromatography 
on silica gel (pentane:Et2O, 6:1 to 4:1) yielded maleimide 219a (1.6 g, 7.7 mmol, 69 %) as a 
white solid: mp 99-103 °C; Rf 0.29 (4:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 2.07 
(d, J = 1.9 Hz, 3H, -CH3), 4.65 (s, 2H, -CH2-), 6.33 (q, J = 1.9 Hz, 1H, -CH=C-), 7.23-7.37 
(m, 5H, Har); 
13
C NMR (101 MHz, CDCl3) δC 10.7, 41.2, 127.1, 127.4, 128.1 (2C), 128.3 
(2C), 136.1, 145.4, 170.2, 171.2; IR (neat) νmax 855, 949, 1351, 1400, 1433, 1699 cm
-1
; MS 
(EI+) m/z 201 [M]
+•
; HRMS (EI+) for C12H11NO2: calc. [M]
+•
 201.0790; found [M]
+•
 
201.0788. 
 
 
1-(4’-Fluorobenzyl)-3-methyl-1H-pyrrole-2,5-dione (219c) 
 
 
 
4-Fluorobenzylamine (1.2 mL, 11 mmol) was carefully added to citraconic anhydride 
(1.0 mL, 11 mmol) at room temperature and the reaction mixture was heated at 120 °C for 
18 h. After the reaction was allowed to cool to room temperature, purification by column 
chromatography on silica gel (pentane:Et2O, 6:1 to 4:1) yielded maleimide 219c (1.8 g, 
N
O
O
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8.3 mmol, 75 %) as a yellow solid: Rf 0.29 (4:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) 
δH 2.07 (d, J = 1.7 Hz, 3H, -CH3), 4.61 (s, 2H, -CH2-), 6.33 (q, J = 1.7 Hz, 1H, -CH=C-), 6.98 
(dd, J = 8.4 and 8.6 Hz, 2H, Har), 7.32 (dd, J = 5.4 and 8.4 Hz, 2H, Har); 
13
C NMR (101 MHz, 
CDCl3) δC 11.0, 40.7, 115.4, 115.6, 127.4 (2C), 130.3 (d, JC-F = 8.1 Hz), 145.8, 161.1, 163.5, 
170.5, 171.5; 
19
F NMR (377 MHz, CDCl3) δF -114.4; IR (neat) νmax 827, 943, 1217, 1345, 
1400, 1509, 1692, 3079 cm
-1
; MS (EI+) m/z 219 [M]
+•
; HRMS (EI+) for C12H10NO2F: calc. 
[M]
+•
 219.0696; found [M]
+•
 219.0686; Elemental analysis found: C, 65.65; H, 4.75; N, 6.30 
C12H10NO2F requires: C, 65.75; H, 4.60; N, 6.39 %. 
 
 
1-(Cyclohexylmethyl)-3-methyl-1H-pyrrole-2,5-dione (219d) 
 
 
 
Cyclohexylmethanamine (1.4 mL, 11 mmol) was carefully added to citraconic anhydride 
(1.0 mL, 11 mmol) at room temperature and the reaction mixture was heated at 120 °C for 
18 h. After the reaction was allowed to cool to room temperature, purification by column 
chromatography on silica gel (pentane:Et2O, 6:1 to 4:1) yielded maleimide 219d (2.3 g, 
11 mmol, quant.) as a colourless oil: Rf 0.32 (4:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) 
δH 0.85-0.99 (m, 2H, Hcyc), 1.10-1.23 (m, 3H, Hcyc), 1.55-1.75 (m, 6H, Hcyc), 2.07 (d, J = 
1.8 Hz, 3H, -CH3), 3.32 (d, J = 7.1Hz, 2H, -CH2-), 6.30 (q, J = 1.8 Hz, 1H, -CH=C-); 
13
C NMR (101 MHz, CDCl3) δC 11.0, 25.6 (2C), 26.2, 30.7 (2C), 36.9, 44.1, 127.1, 145.3, 
171.3, 172.2; IR (neat) νmax 881, 947, 1364, 1408, 1433, 1694, 2851, 2919, 3079 cm
-1
; MS 
(EI+) m/z 207 [M]
+•
; HRMS (EI+) for C12H17NO2: calc. [M]
+•
 207.1259; found [M]
+•
 
207.1261; Elemental analysis found: C, 69.71; H, 8.40; N, 6.85 C12H17NO2 requires: C, 69.54; 
H, 8.27; N, 6.76 %. 
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3-Methyl-1-(phenoxymethyl)-1H-pyrrole-2,5-dione (219e) 
 
 
N-Benzylhydroxylamine (1.3 mL, 11 mmol) was carefully added to citraconic anhydride 
(1.0 mL, 11 mmol) at room temperature and the reaction mixture was heated at 120 °C for 
18 h. After the reaction was allowed to cool to room temperature, purification by column 
chromatography on silica gel (pentane:Et2O, 8:1 to 6:1) yielded maleimide 219e (1.4 g, 
6.6 mmol, 66 %) as a white solid: Rf 0.66 (4:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 
2.03 (d, J = 1.5 Hz, 3H, -CH3), 5.07 (s, 2H, -CH2-), 6.21 (q, J = 1.5 Hz, 1H, -CH=C-), 7.33-
7.40 (m, 3H, Har), 7.44-7.51 (m, 2H, Har); 
13
C NMR (101 MHz, CDCl3) δC 11.5, 79.7, 125.0, 
128.5 (2C), 129.3, 129.8 (2C), 133.9, 143.5, 166.0, 167.1; IR (neat) νmax 839, 950, 1088, 
1191, 1381, 1389, 1448, 1714 cm
-1
; MS (CI+) m/z 235 [M+NH4]
+
; HRMS (CI+) for 
C12H11NO3+NH4
+
: calc. [M+NH4]
+
 235.1083; found [M+NH4]
+
 235.1090; Elemental analysis 
found: C, 66.47; H, 5.15; N, 6.36 C12H11NO3 requires: C, 66.35; H, 5.10; N, 6.45 %. 
 
 
Calcium-mediated reduction of maleimides 
 
1-Benzyl-5-hydroxy-3-methyl-1H-pyrrol-2(5H)-one (220a) 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (0.34 g, 1.0 mmol) and maleimide 
219a (0.20 g, 1.0 mmol) in MeOH (1 mL) was added to a suspension of NaBH4 (76 mg, 
2.0 mmol) in THF (12 mL) at 0 °C and the reaction mixture was stirred at room temperature 
until TLC analysis indicated complete conversion of the starting material (220a:221a, 58:42 
ratio). After purification by column chromatography on silica gel (pentane:Et2O + 5 % 
N
O
O
O
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CH2Cl2, 1:1 to 1:2), alcohol 220a (91 mg, 0.45 mmol, 45 %) was isolated as a white solid: mp 
86-90 °C; Rf 0.10 (1:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.90 (s, 3H, -CH3), 
3.36 (d, J = 9.4 Hz, 1H, -OH), 4.25 (d, J = 14.9 Hz, 1H, -CH2-), 4.91 (d, J = 14.9 Hz, 1H,  
-CH2-), 5.14 (d, J = 7.1 Hz, 1H, -CHOH), 6.53-6.56 (m, 1H, -CH=C-), 7.26-7.36 (m, 5H, Har); 
13
C NMR (101 MHz, CDCl3) δC 11.0, 42.9, 84.2, 122.4, 127.6, 128.3 (2C), 128.8 (2C), 136.7, 
158.5, 170.4; IR (neat) νmax 1084, 1307, 1420, 1631, 1655, 2928, 3132 cm
-1
; MS (TOF MS 
ES+) m/z 245 [M+CH3CN]
+
, 204 [M+H]
+
; HRMS (TOF MS ES+) for C12H14NO2: calc. 
[M+H]
+
 204.1025; found [M+H]
+
 204.1033. 
 
 
1-(4’-Fluorobenzyl)-5-hydroxy-3-methyl-1H-pyrrol-2(5H)-one (220b) 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (78 mg, 0.23 mmol) and maleimide 
219c (50 mg, 0.23 mmol) in MeOH (1 mL) was added to a suspension of NaBH4 (17 mg, 
0.46 mmol) in THF (2.8 mL) at 0 °C and the reaction mixture was stirred at room temperature 
until TLC analysis indicated full conversion of the starting material (220b:221b, 65:35 ratio). 
After purification by column chromatography on silica gel (pentane:Et2O, 1:2 to 1:3), alcohol 
220b (15 mg, 0.068 mmol, 30 %) was isolated as a colourless oil : Rf 0.10 (1:2, 
pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 2.03 (d, J = 1.5 Hz, 3H, -CH3), 2.60 (d, J = 
10.6 Hz, 1H, -OH), 4.21 (d, J = 14.9 Hz, 1H, -CH2-), 4.85 (d, J = 14.9 Hz, 1H, -CH2-), 4.97 
(d, J = 11.1 Hz, 1H, -CHOH), 5.79-5.82 (m, 1H, -CH=C-), 7.00 (dd, J = 8.5 and 8.7 Hz, 2H, 
Har), 7.23-7.29 (m, 2H, Har); 
13
C NMR (101 MHz, CDCl3) δC 13.6, 42.1, 84.2, 115.5, 115.7, 
122.6, 130.0, 130.1, 133.0, 143.7 157.8, 169.0; 
19
F NMR (CDCl3, 377 MHz) δF -114.7; IR 
(neat) νmax 1095, 1114, 1223, 1510, 1628, 1661, 3153 cm
-1
; MS (EI+) m/z 221 [M]
+•
; HRMS 
(EI+) for C12H12NO2: calc. [M]
+•
 221.0852; found [M]
+•
 221.0849. 
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1-(Cyclohexylmethyl)-5-hydroxy-3-methyl-1H-pyrrol-2(5H)-one (220c) 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (82 mg, 0.24 mmol) and maleimide 
219d (50 mg, 0.24 mmol) in MeOH (0.24 mL) was added to a suspension of NaBH4 (18 mg, 
0.48 mmol) in THF (2.9 mL) at 0 °C and the reaction mixture was stirred at room temperature 
until TLC analysis indicated full conversion of the starting material (220c:221c, 52:48 ratio). 
After purification by column chromatography on silica gel (pentane:Et2O, 1:2 to 1:3), alcohol 
220c (17 mg, 0.081 mmol, 34 %) was isolated as a colourless oil: Rf 0.09 (1:2, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 0.84-1.03 (m, 2H, Hcyc), 1.10-1.25 (m, 3H, Hcyc), 1.57-1.75 
(m, 5H, Hcyc), 2.06 (d, J = 1.6 Hz, 3H, -CH3), 3.04 (dd, J = 5.9 and 13.9 Hz, 1H, Hcyc), 3.13 
(d, J = 11.7 Hz, 1H, -OH), 3.33 (dd, J = 8.6 and 13.9 Hz, 2H, -CH2-), 5.09 (d, J = 11.7 Hz, 
1H, -CHOH), 5.71 (d, J = 1.6 Hz, 1H, -CH=C-); 
13
C NMR (101 MHz, CDCl3) δC 13.5, 25.7, 
25.8, 26.4, 30.7, 31.0, 37.0, 45.2, 85.4, 122.7, 157.4, 170.5; IR (neat) νmax 1105, 1449, 1672, 
2851, 2992, 3295 cm
-1
; MS (EI+) m/z 209 [M]
+•
; HRMS (EI+) for C12H19NO2: calc. [M]
+•
 
209.1416; found [M]
+•
 209.1411; Elemental analysis found: C, 68.45; H, 9.59; N, 8.38 
C12H19NO2 requires C, 68.87; H, 9.15; N, 6.69 %. 
 
 
1-(Benzyloxy)-5-hydroxy-3-methyl-1H-pyrrol-2(5H)-one (220d) 
 
 
 
Following general procedure GP 5, a solution of Ca(OTf)2 (0.78 mg, 0.23 mmol) and 
maleimide 219e (50 mg, 0.23 mmol) in MeOH (0.23 mL) was added to a suspension of 
N
O
OH
N
OH
O
220c 221c  
N
O
OH
O N
OH
O
O
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NaBH4 (17 mg, 0.46 mmol) in THF (2.8 mL) at 0 °C and the reaction mixture was stirred at 
room temperature until TLC analysis indicated full conversion of the starting material 
(220d:221d, 55:45 ratio). After purification by column chromatography on silica gel 
(pentane:Et2O, 1:2 to 1:3), alcohol 220d (26 mg, 0.12 mmol, 38 %) was isolated as a 
colourless oil 55:45 ratio (220d:221d): Rf 0.18 (1:2, pentane:Et2O); 
1
H NMR (400 MHz, 
CDCl3) δH 1.61 (br s, 1H, OH), 1.89 (dd, J = 1.5 Hz, 3H, -CH3), 5.03 (d, J = 11.3 Hz, 1H,  
-CH2-), 5.15 (d, J = 11.3 Hz, 1H, -CH2-), 5.23-5.26 (m, 1H, -CHOH), 6.39-6.42 (m, 1H,  
-CH=C-), 7.35-7.44 (m, 3H, Har), 7.45-7.50 (m, 2H, Har); 
13
C NMR (101 MHz, CDCl3) δC 
11.1, 78.9, 83.2, 121.5, 128.7, 129.0 (2C), 129.4 (2C), 137.7, 143.2, 170.7; IR (neat) νmax 
1100, 1139, 1455, 1707, 2922, 3362 cm
-1
; MS (CI+) m/z 237 [M+NH4]
+
, 220 [M+H]
+
; HRMS 
(CI+) for C12H13NO3: calc. [M+NH4]
+
 237.1239; found [M+NH4]
+
 237.1253. 
 
 
1-Benzyl-5-hydroxy-4-methyl-1H-pyrrol-2(5H)-one (221a) 
 
 
 
A solution of maleimide 219a (0.1 g, 0.5 mmol) in MeOH (0.5 mL) was added to a 
suspension of NaBH4 (38 mg, 1.0 mmol) in THF (6 mL) at 0 °C and the reaction mixture was 
stirred at room temperature until TLC analysis indicated complete conversion of the starting 
material (220a:221a, 25:75 ratio). After purification by column chromatography on silica gel 
(pentane:Et2O + 5 % CH2Cl2, 1:1 to 0:1) alcohol 221a (75 mg, 0.37 mmol, 74 %) was isolated 
as a white solid: mp 100-104 °C; Rf 0.03 (1:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 
2.02 (s, 3H, -CH3), 3.91 (br s, 1H, -OH), 4.19 (d, J = 14.8 Hz, 1H, -CH2), 4.89 (d, J =  
14.8 Hz, 1H, -CH2), 4.97 (d, J = 11.3 Hz, 1H, -CHOH), 5.71-5.78 (m, 1H, -CH=C-), 7.23-
7.35 (m, 5H, Har); 
13
C NMR (101 MHz, CDCl3) δC 13.9, 42.7, 84.2, 122.2, 127.6, 128.3, 
128.4, 128.7 (2C), 137.2, 158.5, 170.3; IR (neat) νmax 1085, 1108, 1311, 1422, 1632, 1663, 
3145 cm
-1
; MS (EI+) m/z 203 [M]
+•
; HRMS (EI+) for C12H13NO2: calc. [M]
+•
 203.0946; 
found [M]
+•
 203.0951. 
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12.6 Calcium-mediated stereoselective reduction of α,β-epoxy ketones 
Synthesis of α,β-epoxy ketones 
 
8-Oxabicyclo[5.1.0]octan-2-one (231a)
226
 
 
 
 
Aqueous H2O2 (35 %, 2.8 mL, 32 mmol) was added to an aqueous solution of NaOH (2 N, 
3.2 mL, 6.3 mmol) at 0 °C. The resulting mixture was then transferred via cannula to 
2-cyclohepten-1-one (1.4 mL, 13 mmol) in MeOH (32 mL) at 0 °C and the reaction was 
stirred at room temperature until TLC analysis indicated full consumption of the starting 
material. The reaction was then quenched with a saturated aqueous Na2S2O8 solution and the 
aqueous layer was extracted with CH2Cl2 (3 × 15 mL). The combined organic layers were 
washed with brine, dried over MgSO4, filtered, and concentrated under reduced pressure. 
Subsequent purification by Kugelrohr distillation (60 °C, 0.7 mbar) yielded epoxide 231a 
(1.1 g, 8.8 mmol, 70 %) as a colourless liquid: Rf 0.43 (2:1, pentane:Et2O); 
1
H NMR 
(400 MHz, CDCl3) δH 0.93-1.07 (m, 1H), 1.65-1.87 (m, 4H), 2.28-2.32 (m, 1H), 2.40-2.50 (m, 
1H), 2.65 (ddd, J = 3.8, 11.3 and 13.5 Hz, 1H, -CH-), 3.36-3.42 (m, 2H); 
13
C NMR 
(101 MHz, CDCl3) δC 22.9, 23.5, 27.4, 40.5, 55.0, 59.4, 210.5; IR (neat) νmax 840, 934, 1089, 
1180, 1252, 1356, 1449, 1698, 2932 cm
-1
; MS (EI+) m/z 126 [M]
+•
; HRMS (EI+) for 
C7H10O2: calc. [M]
+•
 126.0681; found [M]
+•
 126.0678. 
  
O
O
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6-Oxabicyclo[3.1.0]hexan-2-one (231b)
227
 
 
 
 
An aqueous solution of H2O2 (35 %, 4.5 mL, 50 mmol) was added to an aqueous solution of 
NaOH (2 N, 5.0 mL, 10 mmol) at 0 °C. The resulting mixture was then transferred via 
cannula to 2-cyclopentenone (1.7 mL, 20 mmol) in MeOH (50 mL) at 0 °C and the reaction 
mixture was stirred at room temperature until TLC analysis indicated full consumption of the 
starting material. The reaction was then quenched with a saturated aqueous Na2S2O8 solution 
and the aqueous layer was extracted with CH2Cl2 (3 × 15 mL). The combined organic layers 
were washed with brine, dried over MgSO4, filtered, and evaporated under reduced pressure. 
Subsequent purification by column chromatography on silica gel (pentane:Et2O, 2:1 to 4:1) 
yielded epoxide 231b (0.19 g, 1.9 mmol, 10 %) as a colourless oil: Rf 0.14 (2:1, 
pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.99-2.09 (m, 2H, Hcyc), 2.24-2.39 (m, 2H, 
Hcyc), 3.27-3.32 (m, 1H, -CH-), 3.87-3.93 (m, 1H, -CH-); 
13
C NMR (101 MHz, CDCl3) δC 
23.1, 30.5, 54.8, 57.8, 210.0. 
 
 
1-(3’,3’-Dimethyloxiran-2’-yl)ethanone (231c)228 
 
 
 
Aqueous H2O2 (35 %, 2.3 mL, 25 mmol) was added to an aqueous solution of NaOH (2 N, 
2.5 mL, 5.0 mmol) at 0 °C. The resulting mixture was then transferred via cannula to  
4-methyl-3-penten-2-one (1.1 mL, 10 mmol) in MeOH (25 mL) at 0 °C and the reaction 
mixture was stirred at room temperature until TLC analysis indicated full conversion of the 
starting material. The reaction was then quenched with a saturated aqueous Na2S2O8 solution 
and the aqueous layer was extracted with CH2Cl2 (3 × 15 mL). The combined organic layers 
O
O  
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were washed with brine, dried over MgSO4, filtered, and evaporated under reduced pressure. 
Subsequent purification by Kugelrohr distillation (75 °C, 1013 mbar) afforded the epoxide 
231c (0.30 g, 2.6 mmol, 26 %) as a colourless liquid: Rf 0.29 (2:1, pentane:Et2O); 
1
H NMR 
(400 MHz, CDCl3) δH 1.23 (s, 3H, -CH3), 1.38 (s, 3H, -CH3), 2.18 (s, 3H, -CH3), 3.35 (s, 1H, 
-CH-); 
13
C NMR (101 MHz, CDCl3) δC 18.4, 24.7, 28.0, 60.9, 65.6, 204.5; IR (neat) νmax 784, 
920, 1118, 1380, 1719, 2932, 2971 cm
-1
; MS (CI+) m/z 132 [M+NH4]
+
, 116 [M+2H]
2+
; 
HRMS (CI+) for C6H10O2: calc. [M+NH4]
+
 132.1025; found [M+NH4]
+
 132.1037. 
 
 
1-(2’,3’-Dimethyloxiran-2’-yl)ethanone (231d) 
 
 
 
Aqueous H2O2 (35 %, 2.3 mL, 25 mmol) was added to an aqueous solution of NaOH (2 N, 
1.3 mL, 2.5 mmol) at 0 °C. The resulting mixture was then transferred via cannula to 
3-methyl-3-penten-2-one (1.1 mL, 10 mmol) in MeOH (25 mL) at 0 °C and the reaction 
mixture was stirred at room temperature until TLC analysis indicated complete consumption 
of the starting material. The reaction was then quenched with a saturated aqueous Na2S2O8 
solution and the aqueous layer was extracted with CH2Cl2 (3 × 15 mL). The combined organic 
layers were washed with brine, dried over MgSO4, filtered, and evaporated under reduced 
pressure. Subsequent purification by Kugelrohr distillation (30 °C, 0.6 mbar) gave epoxide 
231d (0.91 g, 8.0 mmol, 80 %) as a colourless liquid: Rf 0.11 (1:1, pentane:Et2O); 
1
H NMR 
(400 MHz, CDCl3) δH 1.36 (d, J = 5.4 Hz, 3H, -CH3), 1.40 (s, 3H, -CH3), 2.02 (s, 3H, -CH3), 
3.17 (q, J = 5.4 Hz, 1H, -CH-); 
13
C NMR (101 MHz, CDCl3) δC 12.2, 13.7, 23.4, 50.9, 56.7, 
209.1; IR (neat) νmax 822, 1105, 1359, 1707, 2938, 2978 cm
-1
; MS (CI+) m/z 132 [M+NH4]
+
, 
116 [M+2H]
2+
; HRMS (CI+) for C6H10O2: calc. [M+NH4]
+
 132.1025; found [M+NH4]
+
 
132.1032. 
 
 
 
 
 
O
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Oxiran-2-yl(phenyl)methanone (231e)
229
 
 
 
 
An aqueous solution of H2O2 (35 %, 2.3 mL, 25 mmol) was added to an aqueous solution of 
NaOH (2 N, 2.5 mL, 5.0 mmol) at 0 °C. The resulting mixture was then transferred via 
cannula dropwise slowly to enone 230c (0.80 g, 6.1 mmol) in MeOH:CH2Cl2 (3:1; 20 mL) at 
0 °C and the reaction mixture was stirred at room temperature until TLC analysis indicated 
full conversion of the starting material. The reaction was then quenched with a saturated 
aqueous Na2S2O8 solution and the aqueous layer was extracted with CH2Cl2 (3 × 10 mL). The 
combined organic layers were washed with brine, dried over MgSO4, filtered, and evaporated 
under reduced pressure. Subsequent purification by Kugelrohr distillation afforded epoxide 
231e (0.71 g, 4.8 mmol, 79 %) as a colourless oil which solidified at room temperature: mp 
45-47 °C; Rf 0.48 (2:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 2.98 (dd, J = 2.5 and 
6.4 Hz, 1H, -CH2-), 3.13 (dd, J = 4.5 and 6.4 Hz, 1H, -CH2-), 4.24 (dd, J = 2.5 and 4.5 Hz, 
1H, -CH-), 7.51 (dd, J = 7.6 and 7.7 Hz, 2H, Har), 7.63 (dd, J = 7.4 and 7.5 Hz, 1H, Har), 8.05 
(d, J = 7.5 and 7.6 Hz, 2H, Har); 
13
C NMR (101 MHz, CDCl3) δC 47.6, 51.1, 128.4 (2C), 128.9 
(2C), 134.0, 135.4, 194.7; IR (neat) νmax 705, 879, 1226, 1386, 1450, 1592, 1693 cm
-1
; MS 
(EI+) m/z 148 [M]
+•
; HRMS (EI+) for C9H8O2: calc. [M]
+•
 148.0524; found [M]
+•
 148.0513; 
Elemental analysis found: C, 73.13; H, 5.47 C9H8O2 requires: C, 72.96; H, 5.44 %. 
 
 
1-(3’-Phenyloxiran-2’-yl)ethanone (231f)230 
 
 
 
An aqueous solution of H2O2 (35 %, 2.3 mL, 25 mmol) was added to an aqueous solution of 
NaOH (2 N, 2.5 mL, 5.0 mmol) at 0 °C. The resulting mixture was then transferred via 
cannula to trans-4-phenyl-3-buten-2-one (1.5 g, 10 mmol) in MeOH (25 mL) at 0 °C and the 
O
O
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reaction mixture was stirred at room temperature until TLC analysis indicated full 
consumption of the starting material. The reaction was then quenched with a saturated 
aqueous Na2S2O8 solution and the aqueous layer was extracted with CH2Cl2 (3 × 15 mL). The 
combined organic layers were washed with brine, dried over MgSO4, filtered, and evaporated 
under reduced pressure. Subsequent purification by column chromatography on silica gel 
(pentane:Et2O, 4:1 to 3:1) yielded epoxide 231f (0.86 g, 5.3 mmol, 53 %) as a colourless oil: 
Rf 0.59 (1:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 2.20 (s, 3H, -CH3), 3.50 (d, J = 
1.5 Hz, 1H, -CHOCH-), 4.01 (d, J = 1.5 Hz, 1H, -CHOCH-), 7.24-7.31 (m, 2H, Har), 7.34-
7.41 (m, 3H, Har); 
13
C NMR (101 MHz, CDCl3) δC 24.8, 57.8, 63.5, 125.7 (2C), 128.7 (2C), 
129.0, 130.2, 204.2; IR (neat) νmax 696, 747, 1247, 1359, 1411, 1707 cm
-1
; MS (EI+) m/z 162 
[M]
+•
; HRMS (EI+) for C10H10O2: calc. [M]
+•
 162.0681; found [M]
+•
 162.0688. 
 
 
Phenyl(3-phenyloxiran-2-yl)methanone (231h)
231
 
 
 
 
An aqueous solution of H2O2 (50 %, 0.18 g, 5.3 mmol) was added dropwise to a solution of 
NaOH (0.20 g, 5.3 mmol) in water (1.5 mL) at 0 °C. The resulting mixture was then 
transferred via cannula to a solution of chalcone 65 (1.0 g, 4.8 mmol) in MeOH (9.6 mL) at 
0 °C. The reaction mixture was stirred for 30 min before being quenched with a saturated 
aqueous Na2S2O8 solution. The aqueous layer was extracted with CH2Cl2 (3 × 8 mL) and the 
combined organic layers were washed with brine, dried over MgSO4, filtered, and evaporated 
under reduced pressure. The yellow residue was taken up in CH2Cl2 and precipitated from 
EtOAc/PET. The white solid was filtered, washed with PET, and dried under vacuum for 16 h 
to give epoxide 231h (0.98 g, 4.4 mmol, 91 %) as a white solid: mp 80-83 °C (lit. 81-82 °C); 
Rf 0.29 (4:1; pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 4.09 (d, J = 2.1 Hz, 1H,  
-CHOCH-), 4.30 (d, J = 2.1 Hz, 1H, -CHOCH-), 7.35-7.60 (m, 8H, Har), 7.97-8.05 (m, 2H, 
Har); 
13
C NMR (101 MHz, CDCl3) δC 59.4, 61.0, 125.5 (2C), 128.6 (2C), 128.9 (4C), 129.0, 
129.2, 134.0, 135.7, 193.2; IR (neat) νmax 751, 890, 1008, 1235, 1412, 1450, 1595, 1686 cm
-1
; 
MS (CI) m/z 242 [M+NH4]
+
, 224 [M]
+•
; HRMS (CI+) for C15H12O2: calc. [M+NH4]
+
 
O
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242.1181; found [M+NH4]
+
 242.1190; Elemental analysis found: C, 80.46; H, 5.24; C15H12O2 
requires: C,80.34; H, 5.39 %. 
 
 
(3-Phenyloxiran-2-yl)(thiophen-3’-yl)methanone (231j) 
 
 
 
An aqueous solution of H2O2 (35 %, 0.15 g, 1.5 mmol) was added to NaOH (0.20 g, 
5.3 mmol) in water (1.5 mL) at 0 °C. The resulting mixture was then transferred via cannula 
to a solution of enone 189f (0.30 g, 1.4 mmol) in MeOH (2.8 mL) at 0 °C and the reaction 
was stirred for a further 30 min. The resulting white precipitate was filtered, washed with ice-
cold MeOH, and dried under vacuum for 14 h to afford epoxide 231j (0.10 g, 0.43 mmol 
31 %) as a white crystalline solid: mp 89-93 °C; Rf 0.37 (4:1, pentane:Et2O); 
1
H NMR 
(400 MHz, CDCl3) δH 4.07 (d, J = 1.8 Hz, 1H, -CHOCH-), 4.12 (d, J = 1.8 Hz, 1H,  
-CHOCH-), 7.31-7.43 (m, 6H, 5 × Har, 1 × Hhet), 7.66 (dd, J = 1.1 and 5.1 Hz, 1H, Hhet), 8.38 
(dd, J = 1.1 and 2.9 Hz, 1H, Hhet); 
13
C NMR (101 MHz, CDCl3) δC 59.2, 62.4, 125.8 (2C), 
126.5, 127.3, 128.8 (2C), 129.1, 133.8, 135.4, 142.9, 187.8; IR (neat) νmax 816, 872, 1070, 
1240, 1411, 1508, 1658, 3090 cm
-1
; MS (CI+) m/z 248 [M+NH4]
+
; HRMS (CI+) for 
C13H10O2S: calc. [M+NH4]
+
 248.0745; found [M+NH4]
+
 248.0746; Elemental analysis found: 
C, 66.27; H, 4.75; C13H10O2S requires: C, 67.80; H, 4.38 %. 
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Calcium-mediated reduction of α,β-epoxy ketones 
 
7-Oxabicyclo[4.1.0]heptan-2-ol (233)
232
 
 
 
 
Following general procedure GP 6, a solution of 2,3-epoxycyclohexan-2-one (0.11 g, 
1.0 mmol) and Ca(OTf)2 (0.34 g, 1.0 mmol) in MeOH (1 mL) was added to a suspension of 
NaBH4 (0.17 g, 4.0 mmol) in THF (anhydrous, 12 mL) and the reaction mixture was stirred at 
room temperature for 30 min before being quenched with water. After purification by column 
chromatography on silica gel (pentane:Et2O, 6:1 to 4:1), the epoxy alcohol 233 (84 mg, 
0.74 mmol, 74 %) was isolated as a colourless oil: 65:35 dr (233:234, cis:trans): Rf 0.46 (2:1, 
pentane:Et2O); 
1
H NMR (400 MHz, CDCl3, for 233) δH 1.14-1.33 (m, 2H), 1.40-1.51 (m, 1H), 
1.70-1.80 (m, 1H), 1.82-1.90 (m, 1H), 1.96-2.04 (m, 1H), 2.26 (br s, 1H, -OH), 3.08 (d, J = 
4.0 Hz, 1H, -CH-), 3.21-3.25 (m, 1H), 3.99-4.01 (m, 1H, -CHOH); 
13
C NMR (101 MHz, 
CDCl3, for 233) δC 14.4, 24.1, 29.8, 53.0, 56.0, 66.0; IR (neat) νmax 954, 1057, 1256, 1450, 
2943, 3405 cm
-1
; MS (CI+) m/z 132 [M+NH4]
+
. 
 
 
8-Oxabicyclo[5.1.0]octan-2-ol (235b)
233
 
 
 
 
Following general procedure GP 6, a solution of epoxy ketone 231a (0.10 g, 0.79 mmol) and 
Ca(OTf)2 (0.28 g, 0.80 mmol) in MeOH (0.8 mL) was added to a suspension of NaBH4 
(60 mg, 1.6 mmol) in THF (anhydrous, 9.5 mL) and the reaction mixture was stirred at room 
temperature for 30 min before being quenched with water. After purification by column 
chromatography on silica gel (pentane:Et2O, 1:1 to 0:1), the epoxy alcohol 235b (55 mg, 
HO
O
H
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0.43 mmol, 54 %) was isolated as a colourless oil: 69:31 dr (235b:236b, cis:trans); Rf 0.31 
(Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.28-1.42 (m, 3H), 1.51-1.62 (m, 1H), 1.62-1.80 (m, 
3H), 2.10-2.22 (m, 1H), 2.21 (br s, 1H, -OH), 2.96-3.08 (m, 2H, 2 × -CH-), 3.76-3.83 (m, 1H, 
-CHOH); 
13
C NMR (101 MHz, CDCl3) δC 23.6, 24.0, 26.5, 29.8, 33.5, 34.5, 73.0; IR (neat) 
νmax 917, 1024, 1094, 1448, 2858, 2928, 3370 cm
-1
; MS (CI+) m/z 146 [M+NH4]
+
; HRMS 
(CI+) for C7H12O2: calc. [M+NH4]
+
 146.1181; found [M+NH4]
+
 146.1184. 
 
 
1-(2’,3’-Dimethyloxiran-2’-yl)ethanol (235c)234 
 
 
 
Following general procedure GP 6, a solution of epoxy ketone 231d (0.10 g, 0.88 mmol) and 
Ca(OTf)2 (0.30 g, 0.88 mmol) in MeOH (0.9 mL) was added to a suspension of NaBH4 
(87 mg, 1.8 mmol) in THF (anhydrous, 11 mL) and the reaction mixture was stirred at room 
temperature for 30 min before being quenched with water. After purification by column 
chromatography on silica gel (pentane:Et2O, 2:1 to 1:1), the epoxy alcohol 235c (84 mg, 
0.72 mmol, 82 %) was isolated as a clear liquid: 100:0 dr (235c:236c, cis:trans); Rf 0.17 (2:1, 
pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.20 (d, J = 6.4 Hz, 3H, -CH3), 1.26 (s, 3H,  
-CH3), 1.31 (d, J = 5.6 Hz, 3H, -CH3), 2.18 (br s, 1H, -OH), 3.16 (q, J = 5.6 Hz, 1H,  
-CHOH-), 3.78 (q, J = 6.4 Hz, 1H, -CH-); 
13
C NMR (101 MHz, CDCl3) δC 13.7, 14.0, 18.4, 
54.6, 63.6, 68.6; IR (neat) νmax 1087, 1377, 2929, 3364 cm
-1
. 
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1-(3’,3’-Dimethyloxiran-2’-yl)ethanol (235d)235 
 
 
 
Following general procedure GP 6, a solution of epoxy ketone 231c (0.10 g, 0.88 mmol) and 
Ca(OTf)2 (0.30 g, 0.88 mmol) in MeOH (0.9 mL) was added to a suspension of NaBH4 
(87 mg, 1.8 mmol) in THF (anhydrous, 11 mL) and the reaction mixture was stirred at room 
temperature for 30 min before being quenched with water. After purification by column 
chromatography on silica gel (pentane:Et2O, 2:1 to 1:1), the epoxy alcohol 235d (76 mg, 
0.67 mmol, 76 %) was isolated as a clear liquid: 100:0 dr (235d:236d, cis:trans); Rf 0.15 (2:1, 
pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.35 (s, 3H, -CH3), 1.36 (d, J = 6.6 Hz, 3H,  
-CH3), 1.37 (s, 3H, -CH3), 1.59 (br s, 1H, -OH), 2.64 (d, J = 7.8 Hz, 1H, -CH-), 3.70 (dq, J = 
6.6 and 12.7 Hz, 1H, -CHOH); 
13
C NMR (101 MHz, CDCl3) δC 18.7, 20.9, 24.9, 59.1, 66.4, 
67.0; IR (neat) νmax 1113, 1268, 1645, 2974, 3362 cm
-1
; MS (EI+) m/z 116 [M]
+•
; HRMS 
(EI+) for C6H12O2: calc. [M]
+•
 116.0846; found [M]
+•
 116.0837. 
 
 
Oxiran-2-yl(phenyl)methanol (235e)
236
 
 
 
 
Following general procedure GP 6, a solution of epoxy ketone 231e (30 mg, 0.20 mmol) and 
Ca(OTf)2 (68 mg, 0.20 mmol) in MeOH (0.2 mL) was added to a suspension of NaBH4 
(15 mg, 0.40 mmol) in THF (anhydrous, 2.4 mL) and the reaction mixture was stirred at room 
temperature for 30 min before being quenched with water. After purification by column 
chromatography on silica gel (pentane:Et2O, 4:1 to 2:1), the epoxy alcohol 235e (26 mg, 
0.17 mmol, 85 %) was isolated as a colourless oil: 87:13 dr (235e:236e, cis:trans); Rf 0.37 
(2:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 2.20 (d, J = 2.0 Hz, 1H, -OH), 2.76-2.79 
OH
OH
235d
OH
OH
236d  
HO
O
H
235e
HO
O
H
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(m, 1H, -CH-), 2.98 (dd, J = 2.8 and 5.0 Hz, 1H, -CH2-), 3.25 (dd, J = 2.8 and 6.8 Hz, 1H,  
-CH2-), 4.94-4.97 (m, 1H, -CHOH), 7.30-7.45 (m, 5H, Har); 
13
C NMR (101 MHz, CDCl3) δC 
43.5, 55.0, 70.7, 126.4 (2C), 128.3, 128.6 (2C), 139.6; IR (neat) νmax 815, 859, 1026, 1254, 
1454, 2995, 3406 cm
-1
; MS (EI+) m/z 150 [M]
+•
; HRMS (EI+) for C9H10O2: calc. [M]
+•
 
150.0681; found [M]
+•
 150.0683. 
 
 
1-(3-Phenyloxiran-2’-yl)ethanol (235f)237 
 
 
 
Following general procedure GP 6, a solution of epoxy ketone 231f (0.10 g, 0.62 mmol) and 
Ca(OTf)2 (0.21 g, 0.62 mmol) in MeOH (0.6 mL) was added to a suspension of NaBH4 
(47 mg, 1.2 mmol) in THF (anhydrous, 7.4 mL) and the reaction mixture was stirred at room 
temperature for 30 min before being quenched with water. After purification by column 
chromatography on silica gel (pentane:Et2O, 4:1 to 2:1), the epoxy alcohol 235f (55 mg, 
0.33 mmol, 54 %) was isolated as a colourless oil: 76:24 dr (235f:236f, cis:trans); Rf 0.36 
(2:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.32 (d, J = 6.5 Hz, 3H, -CH3), 2.05 
(br s, 1H, -OH), 3.05 (dd, J = 2.1 and 4.6 Hz, 1H, -CH-), 3.08-3.11 (m, 1H, -CH-), 4.08-4.16 
(m, 1H, -CHOH), 7.25-7.38 (m, 5H, Har); 
13
C NMR (101 MHz, CDCl3) δC 18.7, 54.6, 64.8, 
66.3, 125.7 (2C), 128.3, 128.5 (2C), 136.9; IR (neat) νmax 888, 949, 1150, 1276, 1460, 2976, 
3409 cm
-1
; MS (CI+) m/z 182 [M+NH4]
+
, 164 [M]
+•
; HRMS (CI+) for C10H12O2: calc. 
[M+NH4]
+
 182.1181; found [M+NH4]
+
 182.1184. 
 
  
O
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Phenyl(3-phenyloxiran-2-yl)methanol (235g)
238
 
 
 
 
Following general procedure GP 6, a solution of epoxy ketone 231h (0.18 g, 0.80 mmol) and 
Ca(OTf)2 (0.28 g, 0.80 mmol) in MeOH (0.8 mL) was added to a suspension of NaBH4 
(0.12 g, 3.2 mmol) in THF (anhydrous, 9.6 mL) and the reaction mixture was stirred at room 
temperature for 30 min before being quenched with water. After purification by column 
chromatography on silica gel (pentane:Et2O, 2:1 to 1:1), the epoxy alcohol 235g (0.14 g, 
0.64 mmol, 80 %) was isolated as a colourless oil: 86:14 dr (235g:236g, cis:trans); Rf 0.11 
(2:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 2.61 (d, J =1.6 Hz, 1H, -OH), 3.29-3.32 
(m, 1H, -CH-), 4.16 (d, J = 2.0 Hz, 1H, -CH-), 4.99-5.03 (m, 1H, -CHOH), 7.22-7.49 (m, 
10H, Har); 
13
C NMR (101 MHz, CDCl3) δC 55.0, 65.0, 71.2, 125.8 (2C), 126.3, 128.3 (2C), 
128.4 (2C), 128.5, 128.7 (2C), 136.6, 139.3; IR (neat) νmax 697, 892, 1065, 1196, 1454, 1495, 
3032, 3424 cm
-1
; MS (CI+) m/z 244 [M+NH4]
+
, 226 [M]
+•
; HRMS (CI+) for C15H14O2: calc. 
[M+NH4]
+
 244.1338; found [M+NH4]
+
 244.1337. 
 
 
(3-Phenyloxiran-2-yl)(thiophen-3’-yl)methanol (235h) 
 
 
 
Following general procedure GP 6, a solution of epoxy ketone 231j (50 mg, 0.22 mmol) and 
Ca(OTf)2 (74 mg, 0.22 mmol) in MeOH (0.2 mL) was added to a suspension of NaBH4 
(17 mg, 0.44 mmol) in THF (anhydrous, 2.6 mL) and the reaction mixture was stirred at room 
temperature for 30 min before being quenched with water. After purification by column 
chromatography on silica gel (pentane:Et2O + 1 % CH2Cl2, 2:1 to 1:1), the epoxy alcohol 
235h (37 mg, 0.17 mmol, 78 %) was isolated as a colourless oil: 88:12 dr (235h:236h, 
HO
O H
HO
O H
235g 236g  
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S
O H
235h
OH
S
O H
236h  
Chapter V: Experimental 
184 
 
cis:trans); Rf 0.06 (4:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 2.56 (d, J = 2.5 Hz, 
1H, -OH), 3.33 (dd, J = 2.1 and 3.1 Hz, 1H, -CH-), 4.12 (d, J = 2.1 Hz, 1H, -CH-), 5.08-5.11 
(m, 1H, -CHOH), 7.17 (dd, J = 1.5 and 4.7 Hz, 1H, Hhet), 7.26-7.38 (m, 8H, 5 × Har, 2 × Hhet); 
13
C NMR (101 MHz, CDCl3) δC 55.1, 64.4, 67.6, 122.5, 125.7 (2C), 125.9, 126.5, 128.3, 
128.5 (2C), 136.4, 140.3; IR (neat) νmax 1026, 1078, 1402, 1687, 3441 cm
-1
; MS (EI+) m/z 
230 [M-2H]
+
; HRMS (EI+) for C13H11O2S: calc. [M-OH]
+
 215.0531; found [M-OH]
+
 
215.0520. 
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12.7 Calcium-mediated stereoselective reduction of α,β-aziridinyl ketones 
Synthesis of α,β-aziridinyl ketones 
 
2,4,6-Trimethylbenzene-1-sulfonyl chloride (249)
239
 
 
 
 
Chlorosulfonic acid (10 mL, 0.15 mol) was slowly added over 15 min to a stirred solution of 
mesitylene (6.0 g, 50 mmol) in CH2Cl2 (anhydrous, 15 mL) at 0 °C (ice bath). The ice bath 
was removed and the reaction mixture was allowed to reach room temperature over 1 h. The 
reaction mixture was then poured onto ice and the organic layer was separated. The aqueous 
layer was extracted with CH2Cl2 (2 × 25 mL) and the combined organic layers were washed 
twice with ice-cold water, dried over MgSO4, and filtered. Finally, the solvent was removed 
under reduced pressure to give a pale yellow oil, which crystallised upon cooling to room 
temperature. The crystals were filtered, washed with PET, and dried under vacuum to yield 
sulfonyl chloride 249 (8.0 g, 37 mmol, 74 %) as a white crystalline solid which started to 
decompose at room temperature: mp 55-58 °C (lit. 54-57 °C); 
1
H NMR (400 MHz, CDCl3) δH 
2.3 (s, 3H, -CH3), 2.6 (s, 6H, 2 × -CH3), 7.0 (s, 2H, Har); 
13
C NMR (101 MHz, CDCl3) δC 
21.2, 23.0 (3C), 132.3 (3C), 139.6, 145.4; MS (TOF MS ES-) m/z 199 [M-H2O]
−
. 
 
 
(Z)-Ethyl N-mesitylsulfonyloxyacetimidate (250)
240
 
 
 
 
A solution of mesitylsulfonyl chloride 249 (10 g, 46 mmol) and triethylamine (anhydrous, 
15 mL) in DMF (anhydrous, 30 mL) was cooled to 0 °C (ice bath). Ethyl N-hydroxy-
SO2Cl
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acetimidate (9.4 g, 91 mmol) was thenadded followed by triethylamine (anhydrous, 1 mL). 
The reaction mixture was then stirred at room temperature for 30 min before being poured 
into ice-water. After 30 min, the resulting precipitated solid was filtered, washed with ice-
water twice, and dried under vacuum for 16 h to yield sulfonyl 250 (10.7 g, 37 mmol, 82 %) 
as an off-white solid: mp 57-60 °C (lit. 56-58 °C); Rf 0.37 (4:1, pentane:Et2O); 
1
H NMR 
(400 MHz, CDCl3) δH 1.18 (t, J = 7.1 Hz, 3H, -CH2CH3), 2.04 (s, 3H, -CH3), 2.31 (s, 3H,  
-CH3), 2.64 (s, 6H, 2 × -CH3), 3.90 (q, J = 7.1 Hz, 2H, -CH2CH3), 6.46 (s, 2H, Har); 
13
C NMR 
(101 MHz, CDCl3) δC 14.3, 15.2, 21.4, 23.2 (2C), 63.9, 130.6, 131.8 (3C), 141.0, 143.6, 
169.5; IR (neat) νmax 848, 1054, 1180, 1362, 1635 cm
-1
; MS (TOF MS ES+) m/z 286 [M+H]
+
. 
 
 
O-(Mesitylsulfonyl)hydroxylamine (251) 
 
 
 
HClO4 (70 %, 0.9 mL) was added carefully to a solution of ethyl N-mesityl-
sulfonyloxyacetimidate 250 (2.0 g, 7.0 mmol) in 1,4-dioxane (1.5 mL) at 0 °C (ice bath). 
After stirring for 10 min, the reaction mixture was poured into ice-water and the white 
precipitate was filtered and washed with water until neutral (pH paper). The white solid was 
then dried under vacuum for 12 h and used for the next step immediately (1.3 g, 5.6 mmol, 
85 %). Explosive decomposition occurs at room temperature. However, it is possible to store 
the compound under argon in the freezer. 
 
  
S O
O
O
NH2
 
Chapter V: Experimental 
187 
 
Phenyl(3-phenylaziridin-2-yl)methanone (253)
156
 
 
 
 
Method A 
N-Methylmorpholine (0.12 mL, 1.1 mmol) was added dropwise over 1 min to a solution of 
DppONH2 (0.24 g, 1.1 mmol) in CH3CN (anhydrous, 16 mL) at room temperature and the 
resulting mixture was stirred for 30 min. NaOH (80 mg, 2.0 mmol) was then added, followed 
by the addition of the trans-chalcone (0.21 g, 1.0 mmol). The reaction mixture was allowed to 
stir at room temperature for 16 h before being quenched by the addition of a saturated 
aqueous NH4Cl solution. The aqueous layer was separated and extracted with CH2Cl2 (3 × 
10 mL) and the combined organic layers were dried over MgSO4, filtered, and concentrated 
under reduced pressure. Subsequent purification by column chromatography on silica gel 
(pentane:Et2O, 4:1) yielded aziridine 253 (0.14 g, 0.65 mmol, 65 %) as a pale yellow solid. 
 
Method B 
Into a solution of chalcone dibromide 269 (5.0 g, 14 mmol) in CHCl3:MeOH (9:7; 160 mL) 
was bubbled NH3 (gas) at room temperature for 4 h. The reaction flask was then sealed and 
left to stand at 4 °C (cold room) for 14 h under NH3 atmosphere. The mixture was 
concentrated under reduced pressure and the resulting precipitate was filtered, washed with 
aqueous MeOH (25 %, 2 × 15 mL), and dried under vacuum for 14 h to give aziridine 253 
(2.0 g, 9.7 mmol, 71 %) as a white solid: mp 100-102 °C (recrystallised from MeOH); Rf 0.31 
(4:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 2.68 (dd, J = 8.3 and 8.5 Hz, 1H,  
-NH-), 3.18 (dd, J = 2.2 and 9.3 Hz, 1H, -CHN-), 3.52 (dd, J = 2.2 and 8.0 Hz, 1H, -CHN-), 
7.29-7.40 (m, 5H, Har), 7.49 (dd, J = 7.6 and 7.8 Hz, 2H, Har), 7.62 (dd, J = 7.3 and 7.5 Hz, 
1H, Har), 8.00 (d, J = 7.3 Hz, 2H, Har); 
13
C NMR (101 MHz) δC 43.5, 44.1, 126.2 (2C), 127.9, 
128.3 (2C), 128.6 (2C), 128.8 (2C), 133.8, 135.7, 138.3, 194.6; IR (neat) νmax 1001, 1211, 
1449, 1658, 3064, 3219 cm
-1
; MS (EI+) m/z 223 [M]
+•
; HRMS (EI+) for C15H13NO: calc. 
[M]
+•
 223.0997; found [M]
+•
 223.0910; Elemental analysis found: C, 80,49; H, 5.94; N, 6.31 
C15H13NO requires: C, 80.69; H, 5.87; N, 6.27 %. 
 
H
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O-(Diphenylphosphoryl)hydroxylamine (259)
241
 
 
 
 
A solution of NaOH (3.6 g, 89 mmol) in water (20 mL) was added to a stirred solution of 
hydroxylamine hydrochloride (6.5 g, 93 mmol) in water (20 mL) at -10 °C (ice-salt bath). 
Et2O was then added and the biphasic mixture was further cooled to ca. -15 °C (ice-methanol 
bath). Diphenylphosphinic chloride (10 g, 42 mmol) was added rapidly via syringe and the 
reaction mixture was stirred vigorously for 10 min, followed by warming to 0 °C, and stirred 
for an additional 15 min. The resulting white slurry was filtered and the precipitate was 
washed successively with ice-cold water (60 mL) and Et2O (70 mL). The crude product was 
dried under vacuum for 2 h to give a white powder that subsequently was treated with an 
aqueous solution of NaOH (0.25 M, 120 mL) at 0 °C for 30 min. The slurry was filtered again 
and the resulting residue was washed with ice-cold water (40 mL) and dried under vacuum for 
16 h to yield DppONH2 259 (6.4 g, 27 mmol, 65 %) as a white amorphous solid: purity  
> 70 % by 
31
P NMR; mp 135-137 °C (recrystallised from MeOH); 
1
H NMR (400 MHz, 
MeOH-d4) δH 7.49-7.56 (m, 4H, Har), 7.57-7.63 (m, 2H, Har), 7.79-7.86 (m, 4H, Har); 
13
C NMR (101 MHz, MeOH-d4) δC 129.2, 129.4, 129.7 (2C), 129.8 (2C), 132.9 (2C), 133.0 
(2C), 133.8 (2C); 
31
P NMR (162 MHz, MeOH-d4) δP 38.5; IR (neat) νmax 892, 1129, 1205, 
1442, 3167, 3271 cm
-1
; MS (TOF MS ES+) m/z 297 [M+Na+CH3CN]
+
, 234 [M+H]
+
; HRMS 
(TOF MS ES+) for C12H13NO2P: calc. [M+H]
+
 234.0684; found [M+H]
+
 234.0703. 
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(3-Phenylaziridin-2-yl)(thiophen-3’-yl)methanone (261a) 
 
 
 
N-Methylmorpholine (54 µL, 0.49 mmol) was added dropwise over 1 min to a solution of 
DppONH2 259 (0.11 g, 0.49 mmol) in CH3CN (anhydrous, 7.5 mL) and the reaction mixture 
was stirred at room temperature for 30 min. NaOH (38 mg, 0.94 mmol) and enone 189f 
(0.10 g, 0.47 mmol) were sequentially added and the reaction mixture was allowed to stir at 
room temperature until TLC analysis indicated full consumption of the starting material. The 
reaction mixture was then quenched with saturated aqueous NH4Cl and the aqueous layer was 
separated and extracted with CH2Cl2 (3 × 5 mL). The combined organic layers were dried 
over MgSO4, filtered, and concentrated under reduced pressure. Subsequent purification by 
column chromatography on silica gel (pentane:Et2O, 4:1 to 2:1) yielded aziridine 261a 
(32 mg, 0.14 mmol, 30 %) as a pale yellow solid: Rf 0.28 (2:1, pentane:Et2O); 
1
H NMR 
(400 MHz, CDCl3) δH 2.58 (dd, J = 7.6 and 7.8 Hz, 1H, -NH-), 3.20 (dd, J = 1.9 and 9.0 Hz, 
1H, -CHN-), 3.56 (dd, J = 1.9 and 7.6 Hz, 1H, -CHN-), 7.28-7.39 (m, 6H, 5 × Har, 1 × Hhet), 
7.61 (dd, J = 1.2 and 5.1 Hz, 1H, Hhet), 8.18 (dd, J = 1.2 and 2.8 Hz, 1H, Hhet); 
13
C NMR 
(101 MHz, CDCl3) δC 43.3, 44.8, 126.2 (2C), 126.8, 126.9, 127.9 (2C), 128.5 (2C), 133.2, 
141.0, 189.7; IR (neat) νmax 1034, 1261, 1424, 1510, 1649, 3227 cm
-1
; Elemental analysis 
found: C, 67.63; H, 4.49; N, 8.25 C13H11NOS requires: C, 68.09; H, 4.84; N, 6.11 %. 
 
 
(4’’-Chlorophenyl)(3-(4’-chlorophenyl)aziridin-2-yl)methanone (261b)242 
 
 
 
N-Methylmorpholine (0.15 mL, 1.1 mmol) was added dropwise over 1 min to a solution of 
DppONH2 (0.26 g, 2.0 mmol) in CH2Cl2 (anhydrous, 8 mL) and the reaction mixture were 
stirred at room temperature for 30 min. NaH (60 % dispersion in mineral oil, 72 mg, 
OH
N
S  
OH
N
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3.0 mmol) and i-PrOH (0.23 mL) was sequentially added, followed by the addition of 
4,4’-dichlorochalcone (0.28 g, 1.0 mmol) in CH2Cl2 (anhydrous, 8 mL). The reaction mixture 
was allowed to stir at room temperature for a further 16 h before being quenched with 
saturated aqueous NH4Cl. The aqueous layer was separated and extracted with CH2Cl2 (3 × 
5 mL) and the combined organic layers were dried over MgSO4, filtered, and concentrated 
under reduced pressure. Subsequent purification by column chromatography on silica gel 
(pentane:Et2O, 4:1) yielded aziridine 261b (65 mg, 0.22 mmol, 22 %) as a yellowish oil: Rf 
0.43 (2:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 2.59-2.71 (m, 1H, -NH-), 3.15 (d,  
J = 5.3 Hz, 1H, -CHN-), 3.36-3.42 (m, 1H, -CHN-), 7.27-7.36 (m, 4H, Har), 7.47 (d, J =  
8.6 Hz, 2H, Har), 7.92 (d, J = 8.6 Hz, 2H, Har); 
13
C NMR (101 MHz, CDCl3) δC 43.0, 44.0, 
127.5 (2C), 128.8 (2C), 129.2 (2C), 129.7 (2C), 133.8, 134.1, 136.7, 140.6, 194.3; IR (neat) 
νmax 804, 1007, 1090, 1259, 1589, 1660, 3242 cm
-1
; MS (TOF MS ES+) m/z 335 
([M+CH3CN]
+
 for Cl
37
), 333 ([M+CH3CN]
+
 for Cl
35
), 294 ([M]
+•
 for Cl
37
), 292 ([M]
+•
 for 
Cl
35
); HRMS (TOF MS ES+) for C15H12Cl2NO: calc. ([M]
+•
 for Cl
35
) 292.0296; found ([M]
+•
 
for Cl
35
) 292.0310; Elemental analysis found: C, 61.96; H, 4.16; N, 6.13 C15H11Cl2NO 
requires: C, 61.67; H, 3.79; N, 4.79 %. 
 
 
2,2-Dimethyl-1-(3’-phenylaziridin-2’-yl)propan-1-one (261c) 
 
 
 
N-Methylmorpholine (0.15 mL, 1.1 mmol) was added dropwise over 1 min to a solution of 
DppONH2 (0.26 g, 2.0 mmol) in CH2Cl2 (anhydrous, 8 mL) and the reaction mixture was 
stirred at room temperature for 30 min. NaH (60 % dispersion in mineral oil, 72 mg, 
3.0 mmol) and i-PrOH (0.23 mL) were sequentially added, followed by the addition of enone 
189g (0.17 g, 1.0 mmol) in CH2Cl2 (anhydrous, 8 mL). The reaction mixture was allowed to 
stir at room temperature for a further 16 h before being quenched with saturated aqueous 
NH4Cl. The aqueous layer was separated and extracted with CH2Cl2 (3 × 5 mL) and the 
combined organic layers were dried over MgSO4, filtered, and concentrated under reduced 
pressure. Subsequent purification by column chromatography on silica gel yielded aziridine 
OH
N
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261c (29 mg, 0.14 mmol, 14 %) as a yellowish oil: Rf 0.56 (2:1, pentane:Et2O); 
1
H NMR 
(400 MHz, CDCl3) δH 1.25 (s, 9H, -C(CH3)3), 2.31 (dd, J = 8.3 and 8.6 Hz, 1H, -NH-), 2.93 
(dd, J = 2.4 and 9.3 Hz, 1H, -CHN-), 3.02 (dd, J = 2.4 and 8.3 Hz, 1H, -CHN-), 7.26-7.39 (m, 
5H, Har); 
13
C NMR (101 MHz, CDCl3) δC 25.9 (3C), 42.9, 43.0, 43.3, 126.1 (2C), 127.7, 
128.5 (2C), 138.3, 211.4; IR (neat) νmax 1006, 1071, 1083, 1411, 1690, 2969 cm
-1
; MS (EI+) 
m/z 203 [M]
+•
; HRMS (EI+) for C13H17NO: calc. [M]
+•
 203.1310; found [M]
+•
 203.1307; 
Elemental analysis found: C, 77.52; H, 9.17; N, 10.56 C13H17NO requires: C, 76.81; H, 8.43; 
N, 6.89 %. 
 
 
Phenyl(3-phenyl-1-tosylaziridin-2-yl)methanone (263d)
243
 
 
 
 
Tosyl chloride (55 mg, 0.28 mmol) and NaHCO3 (30 mg, 0.36 mmol) were added to a 
solution of aziridinyl ketone 253 (50 mg, 0.22 mmol) dissolved in CH2Cl2 (anhydrous, 
1.3 mL) at 0 °C before being warmed to room temperature. Further portions of NaHCO3 
(10 equiv. in total) and tosyl chloride (10 equiv. in total) were added over 48 h until TLC 
analysis indicated completion of the reaction. After addition of a saturated aqueous NH4Cl 
solution, the aqueous layer was separated and extracted with EtOAc (3 × 2 mL). The 
combined organic layers were washed with brine, dried over MgSO4, filtered, and 
concentrated under reduced pressure. Subsequent purification by column chromatography on 
silica gel (pentane:Et2O, 2:1 to 1:1) yielded the aziridine 263d (50 mg, 0.13 mmol, 60 %) as a 
white solid: mp 134-136 °C; Rf 0.15 (2:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 2.40 
(s, 3H, -CH3), 4.29 (d, J = 4.3 Hz, 1H, -CHN-), 4.52 (d, J = 4.3 Hz, 1H, -CHN-), 7.23 (d, J = 
8.1 Hz, 2H, Har), 7.33-7.36 (m, 5H, Har), 7.49 (dd, J = 1.0 and 8.2 Hz, 2H, Har), 7.63 (dd, J = 
7.4 and 7.6 Hz, 1H, Har), 7.72 (d, J = 8.2 Hz, 2H, Har), 8.06 (dd, J = 7.4 and 7.6 Hz, 2H, Har); 
13
C NMR (101 MHz, CDCl3) δC 21.6, 47.5, 50.2, 127.5 (2C), 127.7 (2C), 128.6 (2C), 128.7, 
128.8 (2C), 128.9 (2C), 129.5 (2C), 132.9, 134.1, 135.9, 136.6, 144.4, 190.3; IR (neat) νmax 
N
O
S
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952, 1158, 1320, 1453, 1681, 3053 cm
-1
; MS (TOF MS ES+) m/z 400 [M+Na]
+
, 378 [M+H]
+
; 
HRMS (TOF MS ES+) for C22H20NO3S: calc. [M+H]
+
 378.1164; found [M+H]
+
 378.1179. 
 
 
Benzyl 2-benzoyl-3-phenylaziridine-1-carboxylate (263e)
244
 
 
 
 
Benzyl chloroformate (38 µL, 0.28 mmol) was added to a solution of aziridinyl ketone 253 
(50 mg, 0.22 mmol) and NaHCO3 (29 mg, 0.34 mmol) in CH2Cl2 (anhydrous, 1.3 mL) at 0 °C 
before being warmed to room temperature. Further portions of NaHCO3 (5.0 equiv. in total) 
and CbzCl (5.0 equiv. in total) were added until TLC analysis indicated completion of the 
reaction. After addition of a saturated aqueous NH4Cl solution, the aqueous layer was 
separated and extracted with EtOAc (3 × 2 mL). The combined organic layers were washed 
with brine, dried over MgSO4, filtered, and concentrated under reduced pressure. Subsequent 
purification by column chromatography on silica gel (pentane:Et2O, 4:1 to 2:1) yielded the 
aziridine 263e (50 mg, 0.14 mmol, 63 %) as a white solid: mp 124-126 °C; Rf 0.39 (2:1, 
pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 3.94 (d, J = 2.5 Hz, 1H, -NCH-), 4.06 (d, J = 
2.5 Hz, 1H, -NCH-), 5.18 (d, J = 12.2 Hz, 1H, -CH2-), 5.27 (d, J = 12.2 Hz, 1H, -CH2-), 7.28-
7.41 (m, 10H, Har), 7.49 (dd, J = 7.6 and 7.8 Hz, 2H, Har), 7.62 (dd, J = 7.6 and 7.8 Hz, 1H, 
Har), 7.98 (dd, J = 1.1 and 8.4 Hz, 2H, Har); 
13
C NMR (101 MHz, CDCl3) δC 47.2, 47.6, 68.5, 
126.4, 128.3 (2C), 128.4 (2C), 128.5, 128.5 (2C), 128.7, 128.8 (2C), 128.9 (2C), 133.9 (2C), 
135.4, 136.4, 160.0, 192.1; IR (neat) νmax 1176, 1212, 1301, 1450, 1665, 1726, 3063 cm
-1
; MS 
(TOF MS ES+) m/z 358 [M+H]
+
, 224 [M-Cbz]
+
; HRMS (TOF MS ES+) for C23H19NO3: calc. 
[M+H]
+
 358.1443; found [M+H]
+
 358.1453. 
 
 
 
 
 
N
O
OO
 
Chapter V: Experimental 
193 
 
(1-Benzyl-3-phenylaziridin-2-yl)(phenyl)methanone (263g)
245
 
 
 
 
Benzylamine (1.2 g, 11 mmol) was added dropwise to bromide 269 (1.0 g, 2.8 mmol) in 
EtOH (2 mL) at 0 °C (ice bath) over 2 min. After stirring the reaction at 0 °C for 24 h, the 
solid was filtered and washed with water to remove all hydrobromide salts. Subsequent 
purification by recrystallisation yielded aziridine 263g (0.15 g, 10 mmol, 20 %) as a white 
crystalline solid: mp 110-112 °C (recrystallised from EtOH/benzene); Rf 0.30 (2:1, 
pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 3.30 (d, J = 7.0 Hz, 1H, -CHN-), 3.39 (d, J = 
7.0 Hz, 1H, -CHN-), 3.81 (d, J = 13.9 Hz, 1H, -CH2-), 4.02 (d, J = 13.9 Hz, 1H, -CH2-), 7.12-
7-54 (m, 13H, Har), 7.86 (d, J = 7.2 Hz, 2H, Har); 
13
C NMR (101 MHz, CDCl3) δC 14.1, 22.7, 
31.6, 49.8, 51.1, 63.8, 127.2 (2C), 127.4 (2C), 127.5 (2C), 127.9 (2C), 128.1 (2C), 128.4 (2C), 
133.0, 134.9, 137.8, 193.1; IR (neat) νmax 1050, 1355, 1450, 1597, 1682, 3030 cm
-1
; MS (TOF 
MS ES+) m/z 314 [M+H]
+
; HRMS (TOF MS ES+) for C22H20ON: calc. [M+H]
+
 314.1545; 
found [M+H]
+
 314.1548. 
 
 
(1-Allyl-3-phenylaziridin-2-yl)(phenyl)methanone (263h) 
 
 
 
Allylamine (0.41 mL, 5.4 mmol) was added dropwise to bromide 269 (0.50 g, 1.4 mmol) in 
benzene (anhydrous, 10 mL) at room temperature. After stirring the reaction at room 
temperature for 24 h, the solid was filtered and washed with benzene. Concentration of the 
filtrate under reduced pressure and subsequent purification by column chromatography on 
silica gel (pentane:Et2O, 4:1 to 2:1) yielded aziridine 263h (66 mg, 0.25 mmol, 18 %) as a 
N
O
 
O
N
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colourless oil: Rf 0.44 (2:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 3.19 (dd, J = 6.3 
and 15.2 Hz, 1H, -CH2-), 3.20 (d, J = 7.1 Hz, 1H, -CHN-), 3.31 (d, J = 7.1 Hz, 1H, -CHN-), 
3.44 (dd, J = 5.4 and 14.2 Hz, 1H, -CH2-), 5.16 (dd, J = 1.3 and 10.4 Hz, 1H, -CH=CH2), 5.34 
(dd, J = 1.7 and 17.2 Hz, 1H, -CH=CH2), 6.05 (ddd, J = 5.3, 10.7 and 17.2 Hz, 1H,  
-CH=CH2), 7.10-7.22 (m, 3H, Har), 7.32-7.41 (m, 4H, Har), 7.49 (dd, J = 7.3 and 7.5 Hz, 1H, 
Har), 7.88 (d, J = 7.3 Hz, 2H, Har); 
13
C NMR (101 MHz, CDCl3) δC 49.7, 51.0, 62.9, 117.4, 
127.4 (2C), 127.5, 128.0 (2C), 128.1 (2C), 128.4 (2C), 133.0, 134.1, 135.0, 137.0, 193.1; IR 
(neat) νmax 1065, 1243, 1447, 1595, 1660, 3064 cm
-1
; MS (EI+) m/z 263 [M]
+•
; HRMS (EI+) 
for C18H17NO: calc. [M]
+•
 263.1310; found [M]
+•
 263.1307. 
 
 
N-tert-Butyl-O-(diphenylphosphoryl)hydroxylamine (264a) 
 
 
 
N-tert-Butylhydroxylamine hydrochloride (1.0 g, 8.0 mmol) was dissolved in CH2Cl2 
(anhydrous, 30 mL) and cooled to 0 °C (ice bath). Triethylamine (anhydrous, 1.3 mL, 
9.6 mmol) was then added followed by the dropwise addition of diphenylphosphinic chloride 
(1.9 g, 8.0 mmol) in CH2Cl2 (anhydrous, 3.5 mL). The reaction mixture was stirred at room 
temperature for 14 h. After addition of water (30 mL), the aqueous layer was separated and 
extracted with CH2Cl2 (2 × 30 mL). The combined organic layers were dried over MgSO4, 
filtered, and concentrated under reduced pressure to give DppONH-tBu 264a (2.2 g, 
7.6 mmol, 95 %) as a white solid which was used without further purification: purity > 75 % 
by 
31
P NMR; mp 103-105 °C; 
1
H NMR (400 MHz, CDCl3) δH 1.12 (s, 9H, -C(CH3)3), 7.45-
7.65 (m, 6H, Har), 7.70-7.87 (m, 5H, 4 × Har, -NH-); 
13
C NMR (101 MHz, CDCl3) δC 23.8, 
26.6 (3C), 129.0 (d, J = 12.7 Hz), 129.3 (d, J = 12.7 Hz, 2C), 130.0 (d, J = 13.3 Hz, 2C), 
132.3 (d, J = 9.9 Hz), 132.7 (d, J = 10.5 Hz, 2C), 133.1 (d, J = 9.9 Hz, 2C), 133.7, 134.0; 
31
P NMR (162 MHz, MeOH-d4) δP 34.3; IR (neat) νmax 861, 1108, 1129, 1440, 2972, 
3211 cm
-1
; MS (TOF MS ES+) m/z 353 [M+Na+CH3CN]
+
, 312 [M+Na]
+
, 290 [M+H]
+
; 
HRMS (TOF MS ES+) for C16H20NO2P+Na
+
: calc. [M+Na]
+
 312.1129; found [M+Na]
+
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312.1126; Elemental analysis found: C, 64.79; H, 6.61; N, 4.59 C16H20NO2P requires: C, 
66.42; H, 6.97; N, 4.84 %. 
 
 
tert-Butyl diphenylphosphoryloxycarbamate (264b)
246
 
 
 
 
tert-Butyl-N-hydroxycarbamate (1.9 g, 14 mmol) was dissolved in CH2Cl2 (anhydrous, 
50 mL) and cooled to 0 °C (ice bath). Triethylamine (anhydrous, 2.3 mL, 17 mmol) was then 
added followed by the dropwise addition of diphenylphosphinic chloride (3.3 g, 14 mmol) in 
CH2Cl2 (anhydrous, 6.2 mL). The reaction mixture was then stirred at room temperature for 
14. After addition of water (60 mL), the aqueous layer was separated and extracted with 
CH2Cl2 (2 × 30 mL). The combined organic layers were dried over MgSO4, filtered, and 
concentrated under reduced pressure to give DppONH-Boc 264b (4.2 g, 12 mmol, 90 %) as a 
white solid which was used without further purification: purity > 99 % by 
31
P NMR; mp 160-
162 °C; 
1
H NMR (400 MHz, CDCl3) δH 1.40 (s, 9H, -C(CH3)3), 7.51-7.58 (m, 4H, Har), 7.62-
7.68 (m, 2H, Har), 7.86-7.94 (m, 4H, Har), 8.39 (br s, 1H, -NH-); 
13
C NMR (101 MHz, 
MeOH-d4) δC 28.3 (3C), 83.7, 129.8 (4C), 129.9 (4C), 133.4 (2C, JC-P = 10.1 Hz), 134.3 (2C), 
158.5; 
31
P NMR (162 MHz, MeOH-d4) δP 38.7; IR (neat) νmax 835, 1081, 1217, 1751, 2896, 
3075 cm
-1
; MS (TOF MS ES+) m/z 397 [M+Na+CH3CN]
+
, 356 [M+Na]
+
; HRMS (TOF MS 
ES+) for C17H20NO4P+Na
+
: calc. [M+Na]
+
 356.1028; found [M+Na]
+
 356.1028; Elemental 
analysis found: C, 61.11; H, 6.13; N, 4.29 C17H20NO4P requires: C, 61.26; H, 6.05; N, 
4.20 %. 
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2,3-Dibromo-1,3-diphenylpropan-1-one (269)
247
 
 
 
1,3-Dibromo-5,5-dimethylhydantoin (2.3 g, 8.0 mmol) and N,N’-dimethylthiourea (83 mg, 
0.80 mmol) were sequentially added to a solution of chalcone 65 (0.83 g, 4.0 mmol) in 
CH2Cl2 (anhydrous, 8 mL). The yellow reaction mixture was stirred at room temperature until 
TLC analysis indicated complete conversion of the starting material. The solvent was then 
concentrated under reduced pressure and subsequent purification by column chromatography 
on silica gel (pentane:Et2O, 4:1 to 2:1) yielded bromide 269 (0.50 g, 1.4 mmol, 34 %) as a 
white solid: mp 155-157 °C; Rf 0.33 (2:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 5.66 
(d, J = 11.3 Hz, 1H, -CH-), 5.84 (d, J = 11.3 Hz, 1H, -CH-), 7.36-7.46 (m, 3H, Har), 7.51-7.59 
(m, 4H, Har), 7.67 (dd, J = 7.3 and 7.5 Hz, 1H, Har), 8.09-8.13 (m, 2H, Har); 
13
C NMR 
(101 MHz, CDCl3) δC 46.8, 49.8, 128.4 (2C), 128.8 (2C), 128.9 (2C), 129.0 (2C), 129.3, 
134.2, 134.4, 138.3, 191.2; IR (neat) νmax 982, 1148, 1229, 1272, 1449, 1595, 1678 cm
-1
; 
MS (CI+) m/z 388 ([M+NH4]
+
 for 
81
Br2) 386 ([M+NH4]
+
 for 
81/79
Br2) 384 ([M+NH4]
+
 for 
79
Br2), 209 [M-
81/79
Br2]; HRMS (CI+) for C15H12OBr2: calc. ([M+NH4]
+
 for 
79
Br2) 383.9599; 
found ([M+NH4]
+
 for 
79
Br2) 383.9595. 
 
 
3,4-Dibromo-4-phenylbutan-2-one (272a)
248
 
 
 
 
1,3-Dibromo-5,5-dimethylhydantoin (8.6 g, 30 mmol) and N,N’-dimethylthiourea (0.31 g, 
3.0 mmol) were sequentially added to a solution of enone 184 (2.2 g, 15 mmol) in CH2Cl2 
(anhydrous, 150 mL). The yellow reaction mixture was stirred at room temperature until TLC 
analysis indicated complete conversion of the reaction. The solvent was then concentrated 
under reduced pressure and subsequent purification by column chromatography on silica gel 
(pentane:Et2O, 4:1 to 2:1) yielded bromide 272a (0.50 g, 1.4 mmol, 34 %) as a white solid 
O
Br
Br
 
O
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which turned brownish at room temperature: mp 124-126 °C; Rf 0.64 (1:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 2.49 (s, 3H, -CH3), 4.93 (d, J = 11.7 Hz, 1H, -CH-), 5.32 (d, 
J = 11.7 Hz, 1H, -CH-), 7.34-7.44 (m, 5H, Har); 
13
C NMR (101 MHz, CDCl3) δC 27.0, 49.5, 
52.8, 128.0 (2C), 129.0 (2C), 129.4, 137.8, 198.5; IR (neat) νmax 1137, 1205, 1359, 1456, 
1721 cm
-1
; MS (EI+) m/z 308 ([M+NH4]
+
 for 
81
Br2), 306 ([M+NH4]
+
 for 
81/79
Br2), 304 
([M+NH4]
+
 for 
79
Br2), 227 ([M+H-
81
Br]
+
), 225 ([M+H-
79
Br]
+
); HRMS (EI+) for C10H10OBr2: 
calc. ([M+NH4]
+
 for 
79
Br2) 303.9098; found ([M+NH4]
+
 for 
79
Br2) 303.9099. 
 
 
2,3-Dibromo-N-methoxy-N-methyl-3-phenylpropanamide (272c) 
 
 
 
1,3-Dibromo-5,5-dimethylhydantoin (1.4 g, 4.7 mmol) and N,N’-dimethylthiourea (65 mg, 
0.63 mmol) were sequentially added to a solution of enone 230d (0.60 g, 3.1 mmol) in 
CH2Cl2 (anhydrous, 15 mL). The yellow reaction mixture was stirred at room temperature 
until TLC analysis indicated full conversion of the starting material. The solvent was then 
concentrated under reduced pressure and subsequent purification by column chromatography 
on silica gel (pentane:Et2O, 2:1 to 1:1) yielded bromide 272c (0.45 g, 1.3 mmol, 41 %) as an 
off-white solid which turned yellowish at room temperature: Rf 0.16 (2:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 3.33 (s, 3H, -CH3), 3.92 (s, 3H, -CH3), 5.39-5.53 (m, 2H, 2 × 
-CH-), 7.35-7.49 (m, 5H, Har); 
13
C NMR (101 MHz, CDCl3) δC 32.7, 42.8, 51.0, 61.8, 128.4 
(2C), 128.8 (2C), 129.3, 138.1, 196.4; IR (neat) νmax 986, 1143, 1423, 1453, 1661, 1673, 
2966 cm
-1
; MS (TOF MS ES+) m/z 353 ([M+H]
+
 for 
81
Br2), 351 ([M+H]
+
 for 
81/79
Br2), 349 
([M+H]
+
 for 
79
Br2), 272 [M-
81
Br]
+
, 270 [M-
79
Br]
+
, 208 [M+NH4-
79
Br2]
+
; HRMS (TOF MS 
ES+) for C11H13Br2NO2: calc. ([M+H]
+
 for 
79
Br2) 349.9391; found ([M+H]
+
 for 
79
Br2) 
349.9410; Elemental analysis found: C, 39.49; H, 4.30; N, 4.15; C11H13Br2NO2 requires: C, 
37.64; H, 3.73; N, 3.99 %. 
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2,3-Dibromo-1-phenyl-3-(thiophen-3’-yl)propan-1-one (272f) 
 
 
 
1,3-Dibromo-5,5-dimethylhydantoin (1.1 g, 3.8 mmol) and N,N’-dimethylthiourea (48 mg, 
0.46 mmol) were sequentially added to a solution of enone 189f (0.50 g, 2.3 mmol) in CH2Cl2 
(anhydrous, 25 mL). The yellow reaction mixture was stirred at room temperature until TLC 
analysis indicated complete conversion of the starting material. The solvent was then 
concentrated under reduced pressure and subsequent purification by column chromatography 
on silica gel (pentane:Et2O + 1 % CH2Cl2, 6:1 to 4:1) yielded bromide 272f (0.31 g, 
0.83 mmol, 36 %) as a white solid: mp 140-142 °C; Rf 0.48 (2:1, pentane:Et2O); 
1
H NMR 
(400 MHz, CDCl3) δH 5.61 (d, J = 2.0 Hz, 2H, 2 × -CH-), 7.36-7.46 (m, 5H, Har), 7.49-7.54 
(m, 1H, Hhet), 7.69 (dd, J = 1.2 and 5.2 Hz, 1H, Hhet), 8.30 (dd, J = 1.2 and 2.9 Hz, 1H, Hhet); 
13
C NMR (CDCl3, 101 MHz) δC 48.6, 49.5, 127.2, 127.4, 128.3 (2C), 128.9 (2C), 129.3, 
133.9, 138.2, 139.1, 185.2; IR (neat) νmax 824, 1103, 1230, 1268, 1512, 1661, 3100 cm
-1
; 
MS (CI+) m/z 394 ([M+NH4]
+
 for 
81
Br2), 392 ([M+NH4]
+
 for 
81/79
Br2), 390 ([M+NH4]
+
 for 
79
Br2), 215 [M+H-
81/79
Br2]
+
; HRMS (CI+) for C13H10Br2OS: calc. ([M+NH4]
+
 for 
79
Br2) 
389.9163; found ([M+NH4]
+
 for 
79
Br2) 389.9140; Elemental analysis found: C,41.69; H, 2.95; 
C13H10Br2OS requires: C, 41.74; H, 2.69 %. 
 
 
(Z)-4-methyl-N-(3-oxo-1,3-diphenylprop-1-en-2-yl)benzenesulfonamide (273)
249
 
O
NH
S
O
O
 
 
Tosylamine (1.8 g, 11 mmol) was added portionwise to bromide 269 (1.0 g, 2.8 mmol) and 
triethylamine (1.6 mL) in CH2Cl2 (anhydrous, 16 mL) at 0 °C (ice bath) over 2 min and the 
reaction was then stirred at rt for 12 h. The reaction mixture was concentrated under vacuum 
O
Br
Br
S  
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and taken up in CH2Cl2. The solid particles were filtered off and the clear solution was 
evaporated under vacuum. Subsequent purification by column chromatography on silica gel 
(PET:Et2O, 10:1)  yielded compound 273 (0.15 g, 10 mmol, 46 %) as a pale yellow solid: Rf 
0.56 (95:5, pentane:EtOAc); 
1
H NMR (400 MHz, CDCl3) δH 2.33 (s, 3H, -CH3), 6.86 (s, 1H,  
-NH-), 7.04 (s, 1H, -CH=C-), 7.20 (d, J = 8.2 Hz, 2H, Har), 7.35-7.46 (m, 5H, Har), 7.54-7.59 
(m, 3H, Har), 7.72 (d, J = 8.2 Hz, 2H, Har), 7.78-7.82 (m, 2H, Har); 
13
C NMR (101 MHz, 
CDCl3) δC 21.3, 127.4 (2C), 128.1 (2C), 128.4 (2C), 128.9 (2C), 129.3, 130.4, 130.7 (4C), 
132.1 (2C), 139.0 (2C), 143.9 (2C), 188.1. 
 
 
(R)-Ethyl-3-hydroxy-2-(4’-methylphenylsulfonamido)propanoate (281) 
 
 
 
Triethylamine (anhydrous, 8.6 mL, 61 mmol) and a solution of tosyl chloride (5.8 g, 
31 mmol) in CH2Cl2 (anhydrous, 60 mL) were sequentially added dropwise to a suspension of 
the L-serine ethyl ester (4.8 g, 28 mmol) in CH2Cl2 (anhydrous, 50 mL) at 0 °C. After stirring 
at 0 °C for 24 h, the white precipitate was filtered and the filtrate was concentrated under 
reduced pressure. The crude residue was dissolved in EtOAc (50 mL), washed with aqueous 
NaHCO3 (1 M, 40 mL), aqueous citric acid (10 % w/v, 40 mL), and water (40 mL). The 
organic layer was dried over MgSO4, filtered, and concentrated under reduced pressure. The 
crude product was purified by recrystallisation to give amine 281 (3.6 g, 13 mmol, 45 %) as a 
white solid: mp 100-102 °C (recrystallised from EtOAc:hexane, 1:1); [   
   +11.8° (c 1.1, 
CHCl3); 
1
H NMR (400 MHz, CDCl3) δH 1.15 (t, J = 7.1 Hz, 3H, -CH2CH3), 2.42 (s, 3H,  
-CH3), 2.55 (br s, 1H, -OH), 3.88-3.89 (m, 2H, -CH2OH), 3.93-3.97 (m, 1H, -CH-), 4.06 (q, 
J = 7.1 Hz, 2H, -CH2CH3), 5.63 (d, J = 7.4 Hz, 1H, -NH-), 7.30 (d, J = 8.3 Hz, 2H, Har), 7.74 
(d, J = 8.3 Hz, 2H, Har); 
13
C NMR (101 MHz, CDCl3) δC 13.9, 21.6, 57.7, 62.3, 63.8, 127.3 
(2C), 129.8 (2C), 136.4, 143.9, 169.6; IR (neat) νmax 821, 1089, 1157, 1325, 1740, 3273, 
3495 cm
-1
; MS (CI+) m/z 305 [M+NH4]
+
; HRMS (CI+) for C12H17NO5S: calc. [M+NH4]
+
 
305.1171; found [M+NH4]
+
 305.1175. 
 
HO
N
H
O
O
S
OO
 
Chapter V: Experimental 
200 
 
(R)-Ethyl-1-tosylaziridine-2-carboxylate (282)
250
 
 
 
 
PPh3 (1.2 g, 4.4 mmol) and DEAD (0.69 mL, 4.4 mmol) were added to a solution of amine 
281 (1.2 g, 4.0 mmol) in THF (anhydrous, 5.5 mL) at 0 °C and the reaction mixture was 
stirred at room temperature for 15 h. The solvent was then concentrated under reduced 
pressure and the crude product was purified by column chromatography on silica gel 
(PET:Et2O, 1:1 to 0:1) to yield aziridine 282 (0.65 g, 2.4 mmol, 61 %) as an off-white solid: 
mp 90-92 °C; Rf 0.06 (2:1, pentane:Et2O); [   
   -38° (c 1.3, CHCl3); 
1
H NMR (400 MHz, 
CDCl3) δH 1.24 (t, J = 7.1 Hz, 3H, -CH2CH3), 2.44 (s, 3H, -CH3), 2.54 (d, J = 4.1 Hz, 1H, 
 -CHN-), 2.74, (d, J = 7.1 Hz, 1H, -CHN-), 3.32 (dd, J = 4.1 and 7.1 Hz, 1H,-CH-), 4.17 (q, 
J = 7.1 Hz, 2H, -CH2CH3), 7.35 (d, J = 8.3 Hz, 2H, Har), 7.84 (d, J = 8.3 Hz, 2H, Har); 
13
C NMR (101 MHz, CDCl3) δC 14.0, 21.7, 32.0, 35.9, 60.4, 62.1, 128.4 (2C), 129.9, 134.1, 
145.2, 166.8; IR (neat) νmax 930, 1093, 1160, 1329, 1741 cm
-1
; MS (TOF MS ES+) m/z 292 
[M+Na]
+
, 270 [M+H]
+
; HRMS (TOF MS ES+) for C12H15NO4S: calc. [M+H]
+
 270.0800; 
found [M+H]
+
 270.0807. 
 
 
(R)-1-Tosylaziridine-2-carbaldehyde (283)
251
 
 
 
 
DIBAL-H (1.8 mL, 1 M in CH2Cl2) was added over 10 min to aziridine 282 (0.30 g, 
1.0 mmol) in CH2Cl2 (anhydrous, 11 mL) at -78 °C and the reaction mixture was stirred for 
3 h at -78 °C until TLC analysis indicated full conversion of the starting material. After the 
N
O
S O
O
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reaction was quenched with a saturated aqueous NH4Cl solution (5 mL) and warmed to room 
temperature, the aqueous phase was extracted with CH2Cl2 (3 × 5 mL). The combined organic 
layers were washed with saturated aqueous NaHCO3, then brine, dried over MgSO4, filtered, 
and concentrated under reduced pressure. Subsequent column chromatography on silica gel 
(pentane:Et2O, 1:1 to 0:1) yielded the aziridine 283 (0.14 g, 0.62 mmol, 56 %) as a colourless 
oil: 
1
H NMR (400 MHz, CDCl3) δH 2.46 (s, 3H, -CH3), 2.68 (d, J = 4.0 Hz, 1H,  
-CHN-), 2.93 (J = 7.3 Hz, 1H, -CHN-), 3.24-3.29 (m, 1H, -CH-), 7.37 (d, J = 8.2 Hz, 2H, 
Har), 7.83 (d, J = 8.2 Hz, 2H, Har), 8.94 (d, J = 5.9 Hz, 1H, -CHO); 
13
C NMR (CDCl3, 
101 MHz) δC 21.8, 30.2, 41.9, 128.2 (2C), 130.1 (2C), 137.5, 144.0, 194.4; MS (CI+) m/z 243 
[M+NH4]
+
; HRMS (CI+) for C10H11NO3S: calc. [M+NH4]
+
 243.0808; found [M+NH4]
+
 
243.0803. 
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Calcium-mediated 1,2-reduction of α,β-aziridinyl ketones 
 
(E)-1,3-Diphenylprop-2-en-1-amine (255)
252
 
 
 
 
A solution of aziridine 253 (0.2 g, 0.9 mmol) and Ca(OTf)2 (0.34 g, 1.0 mmol) in MeOH 
(1 mL) was added to a suspension of NaBH4 (76 mg, 2.0 mmol) in THF (anhydrous, 12 mL) 
and the reaction mixture was stirred at room temperature until TLC analysis indicated 
complete consumption of the starting material. The reaction mixture was then quenched with 
water and extracted with CH2Cl2 (3 × 5 mL). The combined organic layers were washed with 
brine, dried over MgSO4, filtered, concentrated under reduced pressure, and purified by 
column chromatography on silica gel to give amine 255 (0.17 g, 0.81 mmol, 90 %) as a 
yellow oil: Rf 0.20 (4:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 2.63 (br s, 2H, -NH2), 
5.39 (d, J = 6.4 Hz, 1H, -CHNH2), 6.39 (dd, J = 6.4 and 16.0 Hz, 1H, -CH=CH-), 6.69 (d, J = 
16.0 Hz, 1H, -CH=CH-), 7.21-7.42 (m, 10H, Har); IR (neat) νmax 1028, 1164, 1240, 1735, 
3032 cm
-1
; MS (CI+) m/z 227 [M+NH4]
+
; HRMS (CI+) for C15H25N+NH4: calc. [M+NH4]
+
 
227.1548; found [M+NH4]
+
 227.1553. 
 
 
(1-Benzyl-3-phenylaziridin-2-yl)(phenyl)methanol (289)
253
 
 
 
 
A solution of aziridine 263g (0.2 g, 0.9 mmol) and Ca(OTf)2 (0.34 g, 1.0 mmol) in MeOH 
(1 mL) was added to a suspension of NaBH4 (76 mg, 2.0 mmol) in THF (anhydrous, 12 mL) 
and the reaction mixture was stirred at room temperature until TLC analysis indicated full 
NH2
 
N
HO
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H
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consumption of the starting material. The reaction mixture was then quenched with water and 
extracted with CH2Cl2 (3 × 2 mL). The combined organic layers were washed with brine, 
dried over MgSO4, filtered, and concentrated under reduced pressure. Subsequent purification 
by column chromatography on silica gel (CH2Cl2:Et2O, 1:0 to 9:1) yielded aziridinyl alcohol 
289 (0.18 g, 0.57 mmol, 63%) as a colourless oil: 95: 5 dr (289:290); 
1
H NMR (400 MHz, 
CDCl3) δH 1.62 (br s, 1H, -OH), 2.19 (dd, J = 6.3 and 8.5 Hz, 1H, -CHN-), 2.92 (d, J =  
6.3 Hz, 1H, -CHN-), 3.47 (d, J = 13.5 Hz, 1H, -CH2-), 3.72 (d, J = 13.5 Hz, 1H, -CH2-), 4.23 
(d, J = 8.5 Hz, 1H, -CHOH), 7.19-7.30 (m, 9H, Har), 7.34-7.38 (m, 4H, Har), 7.49-7.51 (m, 
2H, Har); 
13
C NMR (101 MHz, CDCl3) δC 45.9, 52.1, 64.0, 71.2, 125.8 (2C), 126.9, 127.0 
(2C), 127.3 (2C), 127.6 (2C), 128.0 (2C), 128.2 (2C), 128.3 (2C), 136.8, 138.6, 142.5; IR 
(neat) νmax 697, 1028, 1067, 1110, 1452, 1495, 3028, 3370 cm
-1
; MS (TOF MS ES+) m/z 316 
[M+H]
+
; HRMS (TOF MS ES+) for C22H21NO: calc. [M+H]
+
 316.1693; found [M+H]
+
 
316.1688. 
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12.8 Calcium-mediated 1,2-addition reaction of ketone 157 
 
2-Benzyl-1-phenylbut-3-en-2-ol (158a) 
 
 
 
1,3-Diphenylpropan-2-one (0.63 g, 3.0 mmol) and calcium chloride
*
 (anhydrous, 0.33 g, 
3.0 mmol) were dissolved in THF (anhydrous, 10 mL) and stirred at room temperature for 
10 min. The suspension was then cooled to 0 °C and allylmagnesium bromide (0.83 M, 
3.8 mL, 3.2 mmol) was added dropwise over 15 min. The reaction mixture was stirred for an 
additional 5 h at 0 °C before being quenched with saturated aqueous NH4Cl (2 mL). The 
reaction mixture was warmed to room temperature and taken up in brine (8 mL). The aqueous 
layer was extracted with Et2O (4 × 10 mL), dried over MgSO4, filtered, and the solvent was 
removed under reduced pressure. The resulting yellow oil was purified by column 
chromatography on silica gel (PET:Et2O, 6:1 to 4:1) to provide alcohol 158a (0.29 g, 
1.1 mmol, 38%) as a colourless oil: Rf 0.34 (4:1, pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) 
δH 1.60 (s, 1H, -OH), 2.95 (s, 4H, -CH2-), 4.96 (d, J = 17.2 Hz, 1H, =CH2), 5.05 (d, J = 
10.8 Hz, 1H, =CH2), 5.98 (dd, J = 10.8 and 17.2 Hz, 1H, -CH=), 7.23-7.34 (m, 10H, Har); 
13C NMR (101 MHz, CDCl3) δC 47.4 (2C), 75.4, 113.6 (2C), 126.5 (2C), 128.0 (4C), 130.8 
(4C), 136.6, 143.0; IR (neat) νmax 920, 992, 1494, 2919, 3565 cm
-1
; MS (CI+) m/z 256 
[M+NH4]
+
, 238 [M]
+•
; HRMS (CI+) for C17H18O: calc. [M+NH4]
+
 256.1700; found 
[M+NH4]
+
 256.1701. 
 
*
Dried at 120 °C under vacuum for 20 h. 
  
OH
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2-Methyl-1,3-diphenylpropan-2-ol (158b) 
 
 
 
1,3-Diphenylpropan-2-one (0.63 g, 3.0 mmol) and calcium chloride (anhydrous, 0.33 g, 
3.0 mmol) were dissolved in THF (anhydrous, 10 mL) and stirred at room temperature for 
10 min. The suspension was then cooled to -78 °C and MeLi (1 M, 3.2 mL, 3.2 mmol) was 
added dropwise over 15 min. The reaction mixture was stirred for a further 4 h at -78 °C. The 
reaction was then quenched with saturated aqueous NH4Cl (2 mL), warmed to room 
temperature, and taken up in brine (8 mL). The aqueous layer was extracted with Et2O (4 × 
10 mL), dried over MgSO4, filtered, and the solvent was removed under reduced pressure. 
The resulting yellow oil was purified by column chromatography on silica gel (PET:Et2O, 4:1 
to 2:1) to obtain alcohol 158b (0.29 g, 1.2 mmol, 41 %) as a clear oil: Rf 0.16 (4:1, 
pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 1.08 (s, 3H, -CH3), 1.50 (br s, 1H, -OH), 2.84 
(d, J = 13.1 Hz, 4H, 2 × -CH2-), 7.24-7.34 (m, 10H, Har);
13
C NMR (101 MHz, CDCl3) δC 
26.3, 48.4 (2C), 72.5, 126.5 (2C), 128.2 (4C), 130.7 (4C), 137.5 (2C); IR (neat) νmax 1092, 
1452, 1494, 2918, 3451 cm
-1
; MS (CI+) m/z 244 [M+NH4]
+
, 226 [M]
+•
; HRMS (CI+) for 
C16H18O: calc. [M+NH4]
+
 244.1701; found [M+NH4]
+
 244.1718. 
 
  
OH  
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12.9 Synthesis of α,β-sulfinyl ketones 
 
(S)-1-Methyl-4-(methylsulfinyl)benzene (325)
254
 
 
 
MeMgBr (9.2 mL, 3 M in THF) was added to a flame-dried flask and the THF was removed 
via distillation at atmospheric pressure. Toluene (anhydrous, 25 mL) was then added to the 
residue and the solution was cooled to -78 °C. l-menthyl (-)-(S)-p-toluenesulfinate (3.70 g, 
12.5 mmol) in toluene (anhydrous, 12.5 mL) was added dropwise over 2 h under continuous 
stirring with the temperature allowed to come to -20 °C. An excess of saturated aqueous 
NH4Cl was slowly added in order to quench the reaction. The reaction mixture was then 
extracted with Et2O (3 × 30 mL) and the combined organic layers were dried over MgSO4. 
After filtration, the solvent was evaporated under reduced pressure and the crude product was 
purified by column chromatography on silica gel to afford sulfoxide 325 (1.5 g, 10 mmol, 
80 %) as a white solid: mp 70-70 °C (lit. 72-73 °C, recrystallisation from EE/PET); [   
   
143° (c 0.7, acetone), [lit. [   
   149° (c 0.9, acetone)]; Rf 0.20 (2:1; pentane:Et2O); 
1
H NMR 
(400 MHz, CDCl3) δH 2.40 (s, 3H), 2.70 (s, 3H, -CH3), 7.32 (d, J = 8.2 Hz, 2H), 7.53 (d, J = 
8.2 Hz, 2H); 
13
C NMR (101 MHz, CDCl3) δC 21.5, 84.9, 124.0 (2C), 130.4 (2C), 139.5, 
142.6; IR (neat) νmax 815, 970, 1087, 1298, 1422, 1493, 1595 cm
-1
; MS (TOF MS ES+) m/z 
155 [M+H]
+
. 
 
 
(S,S)-Bis(p-tolylsulfinyl)methane (326)
255
 
 
 
n-BuLi (1.6 M in hexane, 21 mL) was added dropwise to a solution of hexamethyl disilazane 
(5.3 g, 33 mmol) in THF (anhydrous, 33 mL) at -78 °C. A solution of methyl p-tolylsulfoxide 
325 (1.5 g, 10 mmol) in THF (anhydrous, 5 mL) was then added dropwise with the 
temperature of the mixture not being allowed to exceed -65 °C. After complete addition, the 
S
O
 
S
O
S
O
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reaction mixture was stirred for 30 min at -20 °C, then cooled again to -78 °C and sulfoxide 
324 (3.2 g, 11 mmol) in THF (anhydrous, 8 mL) was added dropwise. After stirring for 1 h at 
-78 °C, the reaction was quenched by adding aqueous acetic acid (50 %, 8 mL). The reaction 
mixture was poured onto brine (15 mL) and EtOAc (15 mL) and the aqueous layer was 
extracted with EtOAc (2 × 20 mL). The combined organic layers were then washed with a 
saturated aqueous NaHCO3 solution and dried over MgSO4. Evaporation of the solvent under 
reduced pressure and subsequent purification of the crude product by column chromatography 
on silica gel (PET:EtOAc, 2:1 to 0:1) afforded sulfoxide 326 (0.22 g, 0.75 mmol, 61 %) along 
with the corresponding meso-product 327 (0.64 g, 2.2 mmol, 20 %) as white crystals: [   
   
316° (c 1.2, acetone) [lit. [   
   318° (c 1.2, acetone)]; mp 122-124 °C; Rf 0.21 (1:2; 
pentane:EtOAc); 
1
H NMR (400 MHz, CDCl3) δH 2.4 (s, 6H, 2 × -CH3), 4.0 (s, 2H, -CH2-), 7.3 
(m, 4H, Har), 7.5 (m, 4H, Har); 
13
C NMR (101 MHz, CDCl3) δC 21.3 (2C), 84.0, 124.0 (4C), 
130.1 (4C), 140.0 (2C), 142.1 (2C); IR (neat) νmax 808, 1014, 1038, 1492, 2970 cm
-1
; MS 
(TOF MS ES+) m/z 293 [M+H]
+
. 
 
 
Triethyl(oct-1-yn-3-yloxy)silane (331)
256
 
 
 
 
Octin-3-ol (2.9 mL, 20 mmol) and imidazole (3.2 g, 40 mmol) were dissolved in DMF 
(anhydrous, 27 mL) and DMAP (0.24 g, 2.0 mmol) was added. TESCl (3.7 mL, 22 mmol) 
was then added dropwise and the reaction mixture was stirred at room temperature for 14 h 
until TLC analysis showed complete conversion of the starting material. The reaction mixture 
was quenched with saturated aqueous NH4Cl (20 mL) and the aqueous layer was extracted 
with Et2O (3 × 30 mL). The combined organic layers were dried over MgSO4, filtered, and 
evaporated under reduced pressure. Subsequent purification by column chromatography on 
silica gel (PET:Et2O, 10:1 to 8:1) afforded silyl ether 331 (4.4 g, 18 mmol, 92 %) as a 
colourless oil: Rf 0.63 (4:1; pentane:Et2O); 
1
H NMR (400 MHz, CDCl3) δH 0.62-0.70 (m, 6H, 
Halk), 0.87-0.92 (m, 3H), 0.95-1.01 (m, 9H, 3 × -CH3), 1.25-1.35 (m, 4H), 1.40-1.43 (m, 2H), 
1.64-1.69 (m, 2H), 2.37 (d, J = 2.2 Hz, 1H, -CH), 4.34 (dt, J = 2.2 and 6.6 Hz, 1H, -CHOSi-); 
O
Si
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13
C NMR (101 MHz, CDCl3) δC 4.4 (3C), 6.4 (3C), 13.7, 22.3, 24.5, 31.1, 38.3, 62.2, 71.5, 
85.4; IR (neat) νmax 725, 1004, 1073, 1239, 1459, 2876, 2944, 3312 cm
-1
; MS (CI+) m/z 258 
[M+NH4]
+
, 241 [M+H]
+
; HRMS (CI+) for C14H28OSi: calc. [M+H]
+
 241.1988; found [M+H]
+
 
241.1989. 
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VI Appendices 
13. Screening tables of the calcium-mediated 1,2-reduction of enone 151 
 
Table 44. Screening results of model substrate 151 in the presence of calcium chloride 
CaCl2
 
Conditions Conv. (%) Selectivity (%) 
Solvent Temp. Time 151 152 153 
MeOH rt 15 min 100 48 52 
 rt 15 min 77 50 50 
 0°C 15 min 78 25 75 
 0°C 1.5 h 68 30 70 
 -10°C 15 min < 1 0 traces 
 40°C 15 min 7 50 50 
 40°C 1.5 h 7 50 50 
MeOH/NaCNBH3 rt 15 min 18 0 100 
 rt 16 h 23 traces 100 
H2O rt 15 min 100 15 85 
 40°C 15 min 67 16 84 
 40°C 4 h 96 7 93 
EtOH rt 15 min 19 21 79 
 40°C 15 min 27 40 60 
 40°C 1.5 h 97 41 59 
n-PrOH rt 15 min < 1 0 traces 
 rt 1 h < 1 0 traces 
 40°C 15 min 34 48 52 
 40°C 1.5 h 43 46 54 
 40°C 19 h 47 38 62 
THF rt 1.5 h 100 28 72 
 0°C 15 min < 1 0 traces 
 0°C 1 h < 1 0 traces 
 0°C-rt 2 h 10 traces 100 
 40°C 15 min < 1 traces traces 
 40°C 1.5 h < 1 traces traces 
i-PrOH rt 15 min 32 26 74 
 40°C 15 min 8 50 50 
 40°C 16 h 100 30 70 
methoxyethanol rt 15 min 100 22 78 
 40°C 15 min 100 26 74 
 0°C 15 min 100 41 59 
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Table 45. Screening results of model substrate 151 in the presence of calcium fluoride 
CaF2 
Conditions Conv. (%) Selectivity (%) 
Solvent Temp. Time 151 152 153 
MeOH rt 15 min 75 5 95 
 rt 15 min 100 6 94 
 rt 15 min 100 0 100 
 0°C 15 min 100 traces 100 
 -10°C 15 min 90 4 96 
 40°C 15 min 100 10 90 
H2O rt 15 min 100 12 88 
 0°C 15 min 59 5 95 
 40°C 15 min 100 7 93 
EtOH rt 15 min 100 5 95 
 40°C 15 min 100 6 94 
n-PrOH rt 15 min 100 0 100 
 40°C 15 min 100 4 96 
THF rt 15 min 83 50 50 
 40°C 15 min 100 13 87 
i-PrOH rt 15 min 100 10 90 
 40°C 15 min 100 19 81 
methoxyethanol rt 15 min 100 4 96 
 40°C 15 min 100 0 100 
 0°C 15 min 100 0 100 
 
 
Table 46. Screening results of model substrate 151 in the presence of calcium bromide 
CaBr2·hydrate 
Conditions Conv. (%) Selectivity (%) 
Solvent Temp. Time 151 152 153 
MeOH rt 15 min 100 45 55 
 0°C 15 min 87 12 88 
 0°C 1.5 h 89 34 66 
 -10°C 15 min 61 4 96 
 -10°C 1.5 h 57 7 93 
 40°C 15 min 100 24 76 
H2O rt 15 min 100 0 100 
 0°C 15 min 46 22 78 
 0°C 1.5 h 100 3 97 
 40°C 15 min 100 traces 100 
EtOH rt 15 min 100 31 69 
 40°C 15 min 100 6 94 
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n-PrOH rt 15 min 7 33 67 
 rt 1.5 h 21 29 71 
 40°C 15 min 22 20 80 
 40°C 1.5 h 14 19 81 
 40°C 16 h 94 10 90 
THF rt 15 min 6 40 60 
 rt 24 h 21 27 73 
 40°C 15 min 3 traces traces 
 40°C 2 h 15 22 78 
i-PrOH rt 15 min 15 33 67 
 rt 1.5 h 79 21 79 
 rt 24 h 100 20 80 
 40°C 15 min 40 33 67 
methoxyethanol rt 15 min 100 46 54 
 40°C 15 min 88 27 73 
 0°C 15 min 100 19 81 
 
 
Table 47. Screening results of model substrate 151 in the presence of calcium iodide 
CaI2·hydrate 
Conditions Conv. (%) Selectivity (%) 
Solvent Temp. Time 151 152 153 
MeOH rt 15 min 92 18 82 
 0°C 15 min 100 0 100 
 -10°C 15 min 92 0 100 
 40°C 15 min 91 traces 100 
H2O rt 15 min 94 10 90 
 0°C 15 min 69 0 100 
 0°C 1.5 h 92 traces 100 
 40°C 15 min 100 0 100 
EtOH rt 15 min 100 36 74 
 40°C 15 min 100 0 100 
n-PrOH rt 15 min 100 45 55 
 40°C 15 min 100 0 100 
THF rt 15 min 100 0 100 
 40°C 15 min 100 6 94 
i-PrOH rt 15 min 100 7 93 
 40°C 15 min 100 12 88 
methoxyethanol rt 15 min 100 0 100 
 0°C 15 min 0 0 0 
 40°C 15 min 100 0 100 
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Table 48. Screening results of model substrate 151 in the presence of calcium tetrachlorate 
Ca(OCl4)·hydrate 
Conditions Conv. (%) Selectivity (%) 
Solvent Temp. Time 151 152 153 
MeOH rt 15 min 78 0 100 
 rt 1.5 h 72 0 100 
 0°C 15 min 68 0 100 
 -10°C 15 min 61 0 100 
 40°C 15 min 86 8 92 
H2O rt 15 min 100 0 100 
 0°C 15 min 65 0 100 
 0°C 1.5 h 96 33 67 
 40°C 15 min 100 0 100 
EtOH rt 15 min 100 0 100 
 40°C 15 min 100 0 100 
n-PrOH rt 15 min 100 25 75 
 40°C 15 min 100 45 55 
THF rt 15 min 100 0 100 
 40°C 15 min 100 50 50 
i-PrOH rt 15 min 100 0 100 
 40°C 15 min 1000 0 100 
methoxyethanol rt 15 min 100 10 90 
 0°C 15 min 100 0 100 
 40°C 15 min 100 5 95 
 
 
Table 49. Screening results of model substrate 151 in the presence of calcium borate 170 
Ca(BF4)2 
Conditions Conv. (%) Selectivity (%) 
Solvent Temp. Time 151 152 153 
MeOH rt 15 min 24 25 75 
 rt 2.5 h 21 25 75 
 40°C 15 min 14 0 100 
H2O rt 15 min 4 50 50 
 rt 5 h 51 9 91 
 40°C 15 min 57 0 100 
EtOH rt 15 min 5 0 100 
n-PrOH rt 15 min 4 0 100 
 40°C 15 min 2 0 100 
THF rt 15 min 26 33 67 
 40°C 15 min 38 47 53 
i-PrOH rt 15 min > 1 0 traces 
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 40°C 15 min > 1 traces traces 
methoxyethanol rt 15 min 23 0 100 
 40°C 15 min 10 0 100 
 
 
Table 50. Screening results of model substrate 151 in the presence of calcium mesylate 165 
Ca(OMs)2 
Solvent Conv. (%) Selectivity (%) 
 151 152 153 
MeOH 100 25 75 
EtOH 100 0 100 
i-PrOH 100 0 100 
H2O 100 7 93 
n-PrOH 100 14 86 
THF 100 29 71 
 
 
Table 51. Screening results of model substrate 151 in the presence of calcium sulfonates 166 
Ca(OPhCl)2 
Solvent 
Conv. (%) Selectivity (%) 
151 152 153 
MeOH 83 37 63 
H2O 100 0 100 
EtOH 100 18 82 
n-PrOH 100 47 53 
THF 100 41 59 
i-PrOH 100 traces 100 
 
 
Table 52. Screening results of model substrate 151 in the presence of calcium tosylate 164 
Ca(OTs)2 
Solvent 
Conv. (%) Selectivity (%) 
151 152 153 
MeOH 92 24 76 
EtOH 100 15 85 
i-PrOH 100 27 73 
H2O 100 8 92 
n-PrOH 100 28 72 
THF 100 25 75 
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Table 53. Screening table of the 1,2-addition of RMgX and RLi to ketone 157 
Entry 
Lewis 
acid 
Conditions R1X 
Ratio (%) Selectivity (%)  
158:(312+157) or 
158:(313+157) 
157 
312 or 
313 
158 
1 - VinylMgBr, THF, 0°C, 5 h MeI 0 15  49 - 
2 - MeMgBr, Et2O, 0°C, 3 h I2 22 0 78 78:22 
3 - MeMgBr, Et2O, 0°C, 5 h MeI 37 0 50 - 
4 - i-PrMgCl, Et2O, 0°C, 3 h I2 SM 0 0 - 
5 - MeLi, THF, -78°C, 4 h NH4Cl 33 0 35 - 
6 - MeLi, THF, -78°C, 4 h H2O 40 0 35 - 
7 - MeLi, Et2O, -78°C, 3 h TMSCl 0 40 60 60:40 
8 - MeLi, Et2O, -78°C, 2 h TBSCl 36 0 64 64:36 
9 - MeLi, THF, -78°C, 2 h TBSCl 0 55 45 45:55 
10 - MeLi, THF, -78°C, 3 h I2 40 0 60 60:40 
11 - MeLi, TBME, -78°C, 3 h I2 20 0 80 80:20 
12 CeCl3 VinylMgBr, THF, 0°C, 5 h MeI 7 0 18 - 
13 CeCl3 MeMgBr, Et2O, 0°C, 5 h MeI traces 0 75 - 
14 CeCl3 MeMgBr, Et2O, 0°C, 3 h I2 32 0 68 68:32 
15 CeCl3 i-PrMgCl, Et2O, 0°C, 3 h I2 SM 0 0 - 
16 CeCl3 MeLi, THF, -78°C, 4 h H2O 38 0 27 - 
17 CeCl3 MeLi, THF, -78°C, 4 h NH4Cl 21 0 28 - 
18 CeCl3 MeLi, Et2O, -78°C, 2.5 h MeI 16 traces 84 84:16 
19 CeCl3 MeLi, THF, -78°C, 3 h I2 32 0 68 68:32 
20 CeCl3 MeLi, TBME, -78°C, 3 h I2 23 0 77 77:23 
21 CaCl2 VinylMgBr, THF, -78°C, 5 h H2O 17 0 38 - 
22 CaCl2 VinylMgBr, Et2O, 0°C, 5 h MeI 36 0 40 - 
23 CaCl2 MeMgBr, Et2O, 0°C, 3 h TMSCl 11 4 85 85:15 
24 CaCl2 MeMgBr, Et2O, 0°C, 3 h I2 12 0 88 88:12 
25 CaCl2 
iPrMgCl, THF, 0°C, 3 h I2 SM 0 0 - 
26 CaCl2 
iPrMgCl, Et2O, 0°C, 3 h I2 SM 0 0 - 
27 CaCl2 MeLi, THF, -78°C, 4 h MeI 0 41 45 - 
28 CaCl2 MeLi, Et2O, -78°C, 2.5 h MeI 13 12 75 75:25 
29 CaCl2 MeLi, Et2O, -78°C, 3 h TMSCl 32 5 63 63:37 
30 CaCl2 MeLi, THF, -78°C, 3 h TBSCl 26 0 74 74:26 
31 CaCl2 MeLi, Et2O, -78°C, 3 h TBSCl 49 0 51 51:49 
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32 CaCl2 MeLi, THF, -78°C, 3 h I2 46 0 54 54:46 
33 CaCl2 MeLi , TBME, -78°C, 3 h I2 33 0 67 67:33 
34 CaCl2 n-BuLi Et2O, -78°C, 5 h TBSCl SM 0 traces - 
35 CaCl2 n-BuLi Et2O, -78°C, 5 h TBSCl SM 0 0 - 
36 Ca(OTf)2 MeMgBr, Et2O, 0°C, 5 h MeI 32 0 37 - 
37 Ca(OTf)2 MeMgBr, THF, rt, 16 h D2O SM 0 0 - 
38 Ca(OiPr)2 MeMgBr, THF, rt, 16 h D2O SM 0 0 - 
39 Ca(OiPr)2 MeMgBr, THF, 0°C-rt, 16 h D2O SM 0 0 - 
  
Chapter VI: Appendices 
216 
 
14. Calibration of the gas chromatograph Perkin Elmer 8500 
 
Since determination of the quantity of each component of the reaction mixture using NMR 
was problematic, a method was developed to quantify each of the products by GC analysis. 
Calibration of the process is achieved by using a standard sample containing known amounts 
of the components of interest in order to obtain the corresponding peak areas. The peak areas 
are then used to calculate the response factor. More than one standard calibration run is 
performed obtaining the averaged response factors for each substrate. There are two different 
types of response factors which can be calculated. A relative response factor for internal 
standard analysis and an absolute response factor for external standard analysis. For all 
measurements which were carried out the following temperature programme was used: 
 
 Injection of 1 μL solution of a sample at 250 °C (injector temperature) 
 Initial temperature 60 °C/5 minutes hold - ramp rate 10 °C/min - End temperature  
150 °C/6 min hold 
 
The following retention times were observed for each substrate: 
Table 54. Retention time of 2-cyclopentenone, 2-cyclopentenol, cyclopentanol, and n-decane 
Substrate MW (g/mol) Retention time (min) 
2-cyclopentenone 82.10 6.70 
2-cyclopentenol 84.12 4.85 
cyclopentanol 86.13 5.35 
n-decane 142.29 12.10 
 
 
14.1 External standard method 
 
In an external standard method the area of the peak corresponding to each substrate is 
corrected by an absolute response factor in order to determine the absolute amount of the 
susbtrate present in the sample. The absolute response factors (abs. RFi) of each substrate can 
be calculated as follows: 
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i
i
i
c
abs. RF
A
        [Eq. 1] 
 
 
 
i
n
i
RF
abs. RF
N


       [Eq. 2] 
 
 
 
The amount of component can be calculated as follows: 
i
i i
amount
area
amount S RF
SMP
          [Eq. 3] 
 
 
 
 
 
The external standard method is used where it is not possible to add an internal standard to the 
sample. The results are less accurate than the internal standard method as the errors in the 
volume of the sample injected will affect the results. 
 
 
14.2 Internal standard method 
 
The determination of the amount of each substrate i of the injected sample by the external 
standard method is not as precise as the calculation by adding an internal standard. In terms of 
the parameter screen which was undertaken to determine the optimised reaction conditions for 
the 1,2-reduction of enone 151, calibration curves of each substrate were produced to 
determine the relative response factors (rel. RFi) using the internal standard method. In order 
to quantify the amounts of products 152, 153, and 317, and starting material 151 an internal 
standard was added to the sample in a measured amount which was inert to the reaction as 
well as resolved from other peaks of the chromatogram. For this reason, n-decane was chosen 
ci = known concentration of substrate i 
Ai = area of the substrate i 
iRF
= average response factor of substrate i 
RFi = response factor of substrate i 
N = number of calibration runs 
amounti = amount of substrate i in the sample 
RFi = absolute response factor of susbtrate i 
areai = area of peak i 
S = scaling factor used to alter the reported limits (= 1) 
SMPamount = 1 
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as an internal standard. The peak areas of each substrate of the reaction were related to the 
peak area of the internal standard.  
 
The relative response factors rel. RFi of each component can be calculated as follows: 
 
s si
i
i s
A Fc
rel. RF
A c
         [Eq. 4] 
 
 
 
 
 
 
i
n
i
RF
RF
N


       [Eq. 5] 
 
 
 
The results of the calibration runs are shown in Figure 8. 
 
 
Figure 8. Calibration curves of model substrate 151, allylic alcohol 152, saturated alcohol 153, and ketone 317 
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Fs = absolute response factor of the internal standard (= 1) 
ci = known concentration of substrate i 
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Based on these results, the relative response factor of each substrate can be calculated as 
follows: 
i i
i
s s
RF A STD
amount S
RF A SMP
           [Eq. 6] 
 
 
 
 
The calculated response factors are outlined in Table 55. 
Table 55. Relative response factors of model substrate 151, allylic alcohol 152, and saturated alcohol 153 
Entry Substrates Rel. RF
 
1 2-cyclopentenone 151 2.48 
2 2-cyclopentenol 152 2.71 
3 cyclopentanol 153 2.34 
 
 
S = scaling factor (normally = 1) 
RFi,s = response factor of substrate i internal  
           standard related 
STD = amount of internal standard 
SMP = amount of analysis sample 
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